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Preface

Kidneys have key roles in regulating systemic homeostasis in animal bodies, such as
eliminating extra fluid and wastes, adjusting serum mineral level, and contributing to
hematopoiesis; therefore, chronic kidney disease (CKD) is one of the major causes of death in
mammals. In 2017, over 1.2 million people died from CKD throughout the world, and its
mortality rate increased by 41.5% since 1990. Moreover, CKD prevalence at all ages was around
9.1%, and more than 10 million people suffered from the disease in 12 countries including Japan
13, In veterinary medicine, it is also reported that approximately 4.2% and 12.1% of dogs and
cats die from renal disorders in UK, respectively "%, Importantly, 80.9% of cats over 15-year-
old develop CKD *). However, the pathological features in CKD differ among disease causes and
animals; cats mainly manifest tubulointerstitial lesions rather than glomerular lesions, and the
opposite is true in dogs *®. For both animals and humans, it is still challenging to diagnose CKD
at the early stage to prevent the further disease progression.

CKD is defined as functional, morphological, or both abnormalities of the kidneys that
persist for more than 3 months, regardless of the underlying causes **. CKD is also developed
in more than 20% of the patients with acute kidney injury (AKI), which mainly is divided into
three pathophysiology; pre-, intrinsic-, and post-renal injuries 7*%>!°D, Pre-renal injury indicates
that decreased blood-supply into kidneys, caused by dehydration, bleeding, and heart failure,
results in impaired excretion of waste products through blood 2. In intrinsic-renal injuries,
glomeruli, tubulointerstitium, and vasculatures in the kidneys are injured by aging, autoimmune
diseases, polyarteritis nodosa, several drugs, and ischemia 2. Obstruction of urine outflow from
kidneys caused by anatomical defect, urolithiasis, bacterial infection, cystitis, and neoplasia
induces post renal injury characterized by the dilation of urinary tracts upstream from the
obstructed area, including hydroureteronephrosis with tubulointerstitial lesions 2.

Urinary system includes kidneys, renal pelvis, ureters, urinary bladder, and urethra, and
produces and eliminates urine. They are lined by epithelial cells, such as renal epithelial cells and
urothelial cells, and these epithelial cells form urine-epithelium barriers (UEBs) which function
as the borders between urine and tissue parenchyma in urinary system. In renal epithelial cells,
podocytes with glomerular basement membrane and endothelial cells have a function for blood
filtration barrier ®”. Then, tubular and collecting duct epithelial cells reabsorb or secrete water,
glucose, and mineral ions from or into the primitive urine. Urothelial cells covering renal pelvis
to urethra accommodate a large change of urine amount by stretchable and impermeable
characteristics, and UEB protects tissues under the urothelium, regardless of germ layer origins
6% the urothelial cells from kidneys including renal pelvis to ureters are mainly derived from

mesoderm, while those from urinary bladder to urethra are from endoderm.



CKD causes renal epithelial cell injuries in the kidney and urinary tracts, resulting in UEB
disruptions. Briefly, albumin is hyper-filtrated from glomeruli with injured podocytes, and
parietal epithelial cells move to the glomerular tuft with damaged podocytes and seal the disrupted
filtration barrier, leading to glomerular sclerotic lesion development *?). Further, some of damaged
tubular epithelial cells undergo epithelial-mesenchymal transition, leading to chronic fibrosis *¥.
In urothelial cells of chronic nephritis, UEB disruptions in renal pelvis with altered expression of
tight junction proteins (TJPs) allow urine to penetrate into the parenchyma from the renal pelvis
lumen, contributing to development of urinary tract associated lymphoid structures (UTALS:S),
which are tertiary lymphoid structures formed under the urothelium *¥. These UEB disruptions
by renal epithelial cell injuries are involved in inflammatory mediators such as interleukin 1 (IL-
1B), tumor necrosis factor o (TNF-a), and interferon y (IFN-y), and collagen family ©'-103:109,
Importantly, those produced by the epithelial cells can be therapeutic targets and be detectable
from urine as diagnosis markers.

Recently, it is reported that IL-36a belonging to IL-1 family is upregulated in injured distal
tubular epithelial cells of the kidneys in CKD- or AKI-developing mice as well as human patients
with the renal diseases 2%, Although its specific receptor, IL-36 receptor (R) has another four
ligands, including IL-36p, IL-36y, IL-36 receptor antagonist (Ra), and IL-38, those expression
and localization in kidneys in addition to the interactions with each other have not yet examined
49 Furthermore, a recent study reported that the renal pelvis in mice and human kidneys with
CKD presents ectopic overexpression of collagen 17A1 (COL17A1) in the urothelial cells
covering UTALSs Y. For skin studies, COL17A1 is constitutively expressed in keratinocytes as
a hemidesmosome component, while it can be an autoantigen for bullous pemphigoid 'V,
however, its functions in urothelial cells are still unclear. Thus, these molecules have a potential
for UEB disruption-related disease markers, but they have not been investigated in veterinary
fields.

In the thesis, the author analyzes injured renal epithelial and urothelial cell-associated
pathological molecules to evaluate UEB disruptions. The first and second chapters focus on IL-
36 family and examine the altered expression and localization of IL-36R and its ligands by using
the spontaneous nephritis model mice. In the third chapter, the author focuses on COL17A1
functions in the urinary system of mouse showing obstructive uropathy. Moreover, both IL-36R
and COL17A1 expression are analyzed in the urinary organs of humans and/or cats. Thus, the
present study provides novel findings to understand the pathological mechanism of UEB

disruption-related diseases and develop their marker molecules applicable in animals and humans.
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Chapter 1
Interleukin 36 receptor pathway deteriorates renal epithelial injuries

in autoimmune disease-mediated nephritis



Introduction

Renal epithelial cells, such as podocytes as well as proximal and distal tubular epithelial cells,
have various roles in renal physiology including UEB formations. In CKD pathology, the renal
epithelial cells show morpho-functional alterations including proliferation and injuries, leading to
glomerular and tubulointerstitial lesions '*). Several studies report that the latter lesions are
closely associated with renal disfunction rather than the former, and tubular epithelial cells are
regarded as inflammation- and fibrosis-inducer cells '¢7749 CKD is caused by several factors
such as hypertension, drug use, and certain infections as well as immunological alternations
presenting tubulointerstitial lesions *>!'*). For example, a complication of nephritis is frequently
observed in systemic lupus erythematosus (SLE), a chronic autoimmune disease characterized by
damaged systemic organs including the skin, spleen, kidneys, and/or central nervous system in
conjunction with autoantibody production '3%. It has been reported that renal disorder due to lupus
nephritis (LN) is diagnosed in approximately 50% of human, cat and dog patients with SLE 64353,
Importantly, CKD development is strongly mediated by inflammatory cytokines and chemokines
such as IL-1, TNF-a, and IFN-y, and these factors are primarily produced by renal epithelial cells
and hematopoietic cells recruited during inflammation 6199,

The IL-1 family plays crucial roles in acute and chronic inflammation. In humans, this family
is composed of 7 agonists (IL-1a, IL-1B, IL-18, IL-33, IL-36a, IL-36f, and IL-36y) and 4
antagonists (IL-1Ra, IL-36Ra, IL-37, and 1L-38), while mice lack IL-37 function **. Although
these cytokines are produced in response to inflammation, some of the IL-1 family members are

constitutively expressed in the mesenchymal cells and epithelial cells of several organs >89,

Briefly, IL-10 and IL-33 localize to type 2 alveolar and intestinal epithelial cells, respectively 9.
The IL-1 family is regulated through protein processing and by maintaining a balance between
IL-1 family agonists and antagonists. Thus, an imbalance in IL-1 family members is induced
during pathological development due to inflammation and genetic mutation, ultimately leading to
disease progression ),

A previous study revealed that IL-36a was overexpressed in injured epithelial cells of the
distal tubules in several murine models of nephritis 3%, The IL-36 subfamily of the IL-1 family
is comprised of IL-36a, IL-368, IL-36y, and IL-36Ra, which are also known as IL-1F6, IL-1F8,
IL-1F9, and IL-1F5, respectively. All of the members of the IL-36 subfamily can bind to the IL-
36R (known as IL-1R like 2 [IL-1RL2]) . IL-36a, IL-36p, and IL-36y function as agonists for
IL-36R, and IL-36Ra in turn functions as their antagonist. Additionally, IL-38 (known as IL-1F10)
is the putative antagonist for IL-36R, as it can bind to IL-36R and inhibit IL-36R signaling *1%2.
It has been reported that IL-36 agonists promote inflammatory responses in the lungs, skin,
kidneys, and joints by activating mitogen-activated protein kinase (MAPK) and nuclear factor

kappa B (NF-kB), and all IL-36R ligands in the skin and IL-36y in the intestine are constitutively



expressed to facilitate the host response to infection #!°2, In the kidneys, IL-360. expression
positively correlates with the progression of tubulointerstitial lesions, including cell death, cell
infiltration, and fibrosis in the murine kidneys with unilateral ureteral obstruction (UUO). In vitro
experiments have shown that IL-36a production is induced in distal tubular epithelial cells by
lipopolysaccharide, a toll-like receptor ligand 3. Another study revealed that tubulointerstitial
lesions were ameliorated in an IL-36R knockout (KO) mouse model with UUO or with renal
ischemia-reperfusion injury (IRI) 2. Furthermore, IL-360. levels were also increased in the
kidneys and urine of patients with both acute kidney injury and CKD 2%, In regard to 1L-38
function in the kidney, the injection improved the glomerular damage in MRL/MpJ-Fas""*"
(MRL/Ipr) mice, which are representative autoimmune disease-prone mice that are characterized
by severe lymphadenopathy, splenomegaly, and nephritis; however, it must be noted that the
presence of IL-38-producing cells remains undetermined in the kidney 2%3?). These studies suggest
that the IL-36R ligands are involved in the development of renal disorders and has potential for
use as a novel target for the treatment and diagnosis of various renal diseases.

In other tissues, the molecular crosstalk between IL-36R ligands and disease development
has been more thoroughly characterized. Psoriasis is an immune-mediated inflammatory skin
condition that exhibits an upregulation of IL-36a, IL-368, IL-36y, and IL-36Ra primarily in the
keratinocytes of human patients and mouse models '*'>¢?, Furthermore, IL-36Ra-KO-mice
presented with a more severe phenotype of psoriatic skin '¥. In patients with SLE, the serum
levels of IL-36a and IL-36y were positively correlated with the SLE disease activity index,
although that of IL-36Ra was decreased 3**D. Therefore, the expression patterns of the IL-36R
ligands appear to differ among disease types. Additionally, it has been reported that IL-1 family
members can induce production of other family members, as IL-1a can stimulate IL-36a to induce
inflammation in the skin *>%%), Although it is possible that IL-36R ligands closely interact with
each other in the kidneys, their fine localization and biological functions remain unclear.

In this chapter, the author investigated MRL/Ipr and MRL/MpJ (MRL/+) as a murine model
of spontaneous nephritis and a healthy control, respectively, to elucidate the renal pathogenesis
focusing on epithelial cell injuries. This study revealed differences in the localization of IL-36R
ligands; specifically, IL-36y and IL-36Ra were constitutively expressed in murine kidneys, while
IL-360, IL-36p, IL-36Ra, and IL-38 were induced in renal epithelial cells and mesenchymal cells
of MRL/lpr mice. Moreover, the localization of IL-36R mRNA was common to the kidneys of
mice and cats, which frequently develop CKD manifesting tubulointerstitial lesions >, These
finding suggest that the IL-36R ligands are associated with both homeostasis and inflammation

in the kidneys.



Material and Methods
Ethics statement

All animal experimentation was approved by the Institutional Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Hokkaido University (approved by the
Association for Assessment and Accreditation of Laboratory Animal Care International, approval
No. 16-0124, 20-0012 for mice).

Cat sample analysis
Feline kidneys showing normal histology was obtained from autopsied case in Faculty of
Veterinary Medicine, Hokkaido University. Specimens were fixed with 10% neutral buffered

formalin (NBF), and histological sections were used for in situ hybridization (ISH) of /L-/RL2.

Mouse sample preparation

Male and female MRL/+ and MRL/lpr mice at 3-7 months were purchased from Japan SLC,
Inc. (Hamamatsu, Japan) and were housed in an air-conditioned animal room at 22 + 4°C with a
relative humidity of 50 £ 20% under specific pathogen-free conditions, with a 12 hour (h)
light/dark cycle (07:00—19:00/19:00—07:00). All mice were fed a standard rodent CE-2 diet
(CLEA Japan, Inc., Tokyo, Japan) and had ad libitum access to water.

Urine was collected by pressure urination and stored at -30°C. Under deep anesthesia using
a mixture of medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg), body
weight was measured, and blood samples were collected from the femoral arteries. The mice were
then euthanized by cervical dislocation. The weights of the spleens were measured, and then the

weight ratio of spleen to body (S/B ratio) was calculated.

Serological analysis and urinalysis

Serum levels of anti-double stranded DNA (dsDNA) antibody were measured as an index of
systemic autoimmune condition using an LBIS Anti-dsDNA-Mouse ELISA Kit (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) according to the manufacturer’s instructions.
Serum concentrations of creatinine (Cr) and blood urea nitrogen (BUN) were determined using a
Fuji Dri-Chem 7000v instrument (FUJIFILM Medical Co., Ltd., Osaka, Japan) according to the
manufacturer’s instructions. Urinary levels of Cr and albumin were measured using a Urinary
Creatinine Assay Kit (Detroit R&D, Inc., Detroit, MI, USA) and an LBIS Mouse Albumin ELISA
Kit (FUJIFILM Wako Pure Chemical Corporation), respectively, and the urinary albumin-to-

creatinine ratio (WUACR) was then calculated.

Histological analysis



Murine kidneys were fixed overnight using 10% NBF at room temperature or 4%
paraformaldehyde at 4°C. Specimens were routinely dehydrated using ethanol and then embedded
in paraffin. Paraffin sections (2-um thick) fixed with 10% NBF were prepared and stained with
periodic acid Schiff-hematoxylin (PAS-H) to analyze renal histopathology.

Immunohistochemistry (IHC) and immunofluorescence (IF)

IHC and/or IF analyses for B220, cluster of differentiation 3 (CD3), ionized calcium-binding
adapter molecule 1 (IBA-1), Gr-1, CD138, CD44, alpha smooth muscle actin (a-SMA), tyrosine
hydroxylase, calbindin-D28k, hepatic nuclear factor 4 alpha (HNF-4a), and phosphorylated (p)-
NF-«B-p65 were performed to detect B cells, T cells, macrophages, neutrophils, plasma cells,
activated parietal epithelial cells, smooth muscle cells, sympathetic neurons, distal convoluted
tubules, proximal tubules, and activated NF-kB-p65, respectively. Similar assays for IL-36a, IL-
36P, IL-36y, IL-36Ra, and IL-38 were also performed for the localization analysis. Paraffin
sections (2-pum thick) fixed with 4% paraformaldehyde were deparaffinized and then antigen
retrieved. To block internal peroxidase activity for IHC, the sections were soaked in methanol
containing 0.3% H>O; for 20 min at room temperature. After washing three times in phosphate-
buffered saline (PBS), the sections were incubated with blocking serum for 1 h at room
temperature to block the non-specific sites. Then, sections were incubated with primary antibodies
overnight at 4°C. Subsequently, the sections were washed three times in PBS and were then
incubated with secondary antibodies for 30 min at room temperature. After washing three times
in PBS, the sections for IHC were incubated with streptavidin-conjugated horseradish peroxidase
(SABPOI kit; Nichirei, Tokyo, Japan) for 30 min at room temperature and subsequently washed
three times in PBS. Then, the immunopositive reaction was visualized using 3,3’-
diaminobenzidine tetrahydrochloride-H>O; solution. Finally, the sections were lightly stained
with hematoxylin. For IF, the tissue sections were incubated with Hoechst 33342 (1:500;
FUJIFILM Wako Pure Chemical Corporation) for nuclear staining at room temperature for 30
min and then washed three times. This was followed by examinations under an All-in-one
Fluorescence Microscope BZ-X710 (Keyence, Osaka, Japan). The details of the antibodies,

antigen retrieval, blocking and combination of multiple IF are listed in Table 1-1.

ISH

For ISH, NBF-fixed paraffin-embedded sections were assessed using an RNAscope 2.5
assay following the manufacturer’s instructions, and all reagents and equipment for hybridization
was purchased from Advanced Cell Diagnostics, Inc. (Hayward, CA, USA). Paraffin sections (5-
pm thick) were air-dried overnight and then baked in HybEZ II oven for 1 h at 60°C. All
procedures for ISH were performed using RNAscope 2.5 HD Reagent Kit-BROWN (#322300;



Advanced Cell Diagnostics, Inc.) following the manufacturer’s instructions. RNAscope Target
probe-Mm-//1rl2 (Mouse, #403761) and custom-ordered probe-Fc-/L/RL2 (Cat, #1118131-C1)
were used. Further, the author performed ISH for /17712 followed by PAS-H staining to distinguish

between proximal and distal tubules in mice.

Histoplanimetry

In PAS-H stained sections, 30 glomeruli that showed a vascular and/or urinary pole were
selected, and the number of nuclei in the glomerulus, the size, and the area ratio of PAS*
mesangium to glomerulus were all measured and calculated using NDP. view2 (Hamamatsu
Photonics Co., Ltd., Hamamatsu, Japan) and a BZ-X Analyzer (Keyence). To evaluate infiltrated
cells, including B220" B cells, CD3" T cells, IBA-1" macrophages, and Gr-1* neutrophils, the
number was counted within 30 glomeruli with a vascular and/or urinary pole using NDP.view2.
These cells were also counted in 20 tubulointerstitial areas at 400x magnification, which were
first selected in the renal cortex at 4% magnification and then replaced to exclude glomeruli, and
the averages per area were then calculated. For quantification of IL-36a, the number of IL-36a"
tubules and renal corpuscles in the cortex area was calculated in 3 sections from each mouse.
Then, the number of IL-360" tubules was divided by the cortex area, and the ratio of IL-360." renal
corpuscle number to total renal corpuscle number was calculated. In 25 renal corpuscles from
each male MRL/lpr mice at 6-7 months, the IL-36a" parietal epithelial cell ratio was examined in
CDA44" or CDA44  parietal epithelial cells using a BZ-X Analyzer. To evaluate 1L-38, the number
of positive cells was counted in 20 tubulointerstitial areas at 400x magnification using NDP.

view2, and the averages per area were then calculated.

Quantitative polymerase chain reaction (qPCR)

Kidneys were soaked in RNA later solution (#R0901; Merck KgaA, Darmstadt, Germany)
at 4°C and then stored at -80°C after the solution was removed. Total RNA from kidneys was
purified using TRIzol reagent (#15596018; Thermo Fisher Scientific) following the
manufacturer’s instructions. The purified total RNA was treated as a template to synthesize cDNA
using ReverTra Ace qPCR RT Master Mix (#FSQ-301; Toyobo Co., Ltd., Osaka, Japan). gPCR
analysis was performed on the cDNA (20 ng/pl) using THUNDERBIRD® SYBR® qPCR Mix
(#QPS-101; Toyobo Co., Ltd.), gene-specific primers (Table 1-2) and a real-time thermal cycler
(CFX Connect; BIO-RAD, Santa Rosa, CA, USA). The qPCR cycling conditions were as follows:
95°C for 1 min, (95°C for 15 s, 60°C for 45 s [40 cycles]). The data were normalized according
to the values of beta, actin (4ctb), and those of female MRL/+ mice at 3 months using the delta-
delta Ct method.

10



Microarray analysis

Similar to the qPCR analysis, total RNA was isolated from the kidneys of female MRL/+
and MRL/lpr mice at 6 months (n= 3). RNA integrity was validated using an Agilent 2100
Bioanalyzer II (Agilent Technologies, Santa Clara, CA, USA), and complementary RNA was
synthesized using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Gene expression
was analyzed using an Agilent Technologies Microarray Scanner and SurePrint G3 Mouse 8x60K
v2.0 (Agilent Technologies), and the raw data were normalized through the use of a 75Percentile
shift (GeneSpring; Agilent Technologies). Toppgene Suite (https://toppgene.cchmc.org/) and
Morpheus (https://software.broadinstitute.org/morpheus/) were used for gene ontology (GO)

analysis and heatmap preparation, respectively.

Statistical analysis

The results were expressed as the mean + standard error (SE) and statistically analyzed in a
non-parametric manner. The significance between two groups was analyzed using the Mann-
Whitney U-test (P < 0.05). As an exception, the values in the microarray analysis were compared
using the Student’s t-test (P < 0.05). The correlation between two parameters was analyzed using

Spearman’s correlation test (P < 0.05).
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Results
Development of nephritis in MRL/Ipr mice

First, autoimmune disease and nephritis in MRL/Ipr mice at 3 and 6-7 months were evaluated
using serological and urinary analyses (Table 1-3). In regard to indices of autoimmune disease,
male and female MRL/lpr mice, regardless of age, showed significantly higher values in the S/B
ratio and the serum level of anti-dsDNA antibody compared to those in each sex of MRL/+ mice
that served as healthy controls. Furthermore, in MRL/Ipr mice, the S/B ratio in both sexes and the
serum level of anti-dsDNA antibody in males was significantly increased with age. For renal
function indices at 6-7 months, only BUN levels were significantly higher in both sexes of
MRL/Ipr mice compared to those values in MRL/+ mice.

Meanwhile, there was significant differences in renal histopathology between MRL/+ and
MRL/Ipr mice (Fig.1-1-3). At 6-7 months, both sexes of the MRL/lpr mice exhibited significantly
higher values of nuclei in a glomerulus, glomerular size, the area ratio of mesangium to
glomerulus, and the number of infiltrated cells such as B220" B cells, CD3" T cells, IBA-1"
macrophages, and Gr-1" neutrophils in glomeruli and tubulointerstitium compared to those in
MRL/+ mice (Table 1-3). In MRL/lpr mice, the majority of the histopathological indices, with the
exception of the mesangial area ratio in the male, were significantly increased with age (Table 1-
3). Based on these findings, the author confirmed the development of autoimmune disease
followed by nephritis in MRL/lpr mice and classified both strains of mice at 3 and 6-7 months as

early and late stage of nephritis, respectively.

Enhanced mRNA expression of 111f6 among the IL-36R ligands in MRL/Ipr kidneys

The mRNA expression of the IL-1F members including IL-36R ligands in the kidneys was
evaluated using qPCR (Fig. 1-4). Among the IL-1 family members expressed in the late stage of
nephritis, //1f6 coding IL-36a was the most upregulated in both sexes of MRL/lpr mice, and the
mRNA levels of 11116, Il1b, and I/1rn in MRL/lpr mice were significantly higher than those in
MRL/+ mice. However, other IL-36R ligands did not show any common alterations between
males and females in MRL/Ipr mice among strains, sexes, or in regard to disease development.
For 11118 coding of IL-368, female MRL/+ mice exhibited significantly decreased expression with
age. For I/1fY of coding IL-36y, female MRL/Ipr mice at the late stage exhibited significantly
higher expression levels compared to those of the female and male mice at the early and late
stages, respectively. For 1/1f5 coding of IL-36Ra, female MRL/+ mice and male MRL/Ipr mice
exhibited decreased expression with aging, and there were sex differences in MRL/+ and MRL/lpr
mice at the early and late stages, respectively, and these differences were more pronounced in
female mice than in male mice. For 1/1f10 coding of IL-38, there was no significant difference

among strains, stages, or disease stages. Thus, as described in previous reports, //1f6 in both sexes
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of MRL/Ipr mouse kidneys was the most remarkably upregulated and was most associated with

the progression of nephritis among the IL-36R ligands 3%,

IL-360 overexpression in renal tubules of MRL/Ipr mice

Using immunostaining, the localization of the IL-36R ligands in kidneys was examined.
Initially, IL-36a" reactions appeared in renal tubules from the early stage of nephritis, and these
tubules tended to be increased in number in MRL/Ipr mice as disease development progressed
(Fig. 1-5A). IL-360" reactions localized to the cytoplasm and nucleus of renal tubular epithelial
cells and appeared first in the segment close to macula densa, and IL-36a" tubules frequently
exhibited dilated tubular lumens and urinary casts at the late stage, as reported in previous studies
(Fig. 1-5B) %%9. As shown in Fig. 1-5C, the number of IL-36a" tubules was significantly
increased in all groups as disease progression occurred, and those in both sexes at the late stage
were significantly higher in MRL/Ipr mice compared to these values in MRL/+ mice. According
to double IF staining for [L-36a and calbindin-D28k (a distal tubule marker), IL-36a primarily
localized to distal tubular epithelial cells; however, several IL-36a" tubular epithelial cells did not
show calbindin-D28k" reactions in IL-360" tubules (Fig. 1-5D). Furthermore, IL-360" tubular
epithelial cells were also observed in HNF-4a" proximal tubule; however, this number was quite

low (Fig. 1-5E).

CD44" activated parietal epithelial cells expressing IL-36a in male MRL/Ipr mice

IL-360a also localized to parietal epithelial cells in Bowman’s capsules, and these were more
frequently observed in male MRL/lpr mice at the late stage (Fig. 1-5A and 6A). In female mice,
only MRL/Ipr mice at the late stage also possessed a small number of IL-36a" parietal epithelial
cells that exhibited cuboidal shapes. For histoplanimetry, both male strains exhibited a
significantly higher ratio of IL-360" renal corpuscles to total ones compared to that of the female
strains at the late stage, and this ratio was the highest in male MRL/Ipr mice (Fig. 1-6B).

Next, the author performed double IF for IL-36a and CD44, a marker for activated parietal
epithelial cells that is indicative of their proliferation, migration, and matrix production ''¥. CD44
was observed on the cell membranes of parietal epithelial cells and infiltrated cells in renal
corpuscles, and IL-36a and CD44 were frequently co-localized in parietal epithelial cells (Fig. 1-
6C). The author then counted and calculated the ratio of IL-36a" parietal epithelial cells in CD44
positive or negative parietal epithelial cells in male MRL/Ipr mouse cells at the late stage. As
shown in Fig. 1-6D, IL-36a was significantly and highly co-localized with CD44 in parietal
epithelial cells.

Localization of IL-36f and IL-36y in plasma cells and sympathetic nerves, respectively
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Next, the localization of other IL-36R agonists (IL-36p and IL-36y) was analyzed in the
kidneys. IL-36f localized to the cytoplasm of CD138" plasma cells in both sexes of MRL/lpr
mice at the late stage but not at the early stage (Fig. 1-7A and B). However, the number of positive
cells was low in the kidneys, with one or two positive cells observed in each kidney section.

IL-36y" reactions appeared at the peri-vessels and peri-glomeruli of all groups (Fig. 1-7C).
According to double IF assays, IL-36y was co-localized with tyrosine hydroxylase, a marker for
peripheral sympathetic neurons (Fig. 1-7D). Interestingly, there were IL-36y positive and negative
axons in the kidneys of all groups; however, the author could not identify constant localization

patterns of IL-36y among sexes, strains, or disease stages (Fig. 1-7D).

Localization of IL-36Ra in smooth muscle cells, distal tubular and parietal epithelial cells

The author also examined the localization of IL-36R antagonists in the kidneys. For IL-36Ra,
all groups exhibited positive reactions in the intrarenal arteries and arterioles, and IL-36Ra was
localized in the cytoplasm of a-SMA"* smooth muscle cells within the tunica media (Fig. 1-8A
and B). However, in vasculitis lesions in MRL/lpr mice, the IL-36Ra" reaction was defective in a
subset of these lesions with transmural cell infiltration (Fig. 1-8C). Both sexes of MRL/Ipr mice
at the late stage possessed IL-36Ra" parietal epithelial cells that exhibited both flat and cuboidal
shapes (Fig. 1-8D). However, the author could not determine obvious sex differences in IHC,
unlike the IL-360a expression in parietal epithelial cells. In both strains at the late stage, granular
IL-36Ra" reactions were observed in the apical portion of tubular epithelial cells (Fig. 1-8E).
Although female MRL/+ and male MRL/lpr mice exhibited age-related decreases in //1f5
expression (Fig. 1-4), a similar tendency was not observed in regard to protein expression.
According to IF or IHC using serial sections, IL-36Ra co-localized with calbindin-D28k but not
with HNF-4a, thus indicating its expression in distal tubules (Fig. 1-8F and G). Furthermore,
several tubular epithelial cells co-expressed IL-36Ra and IL-36a (Fig. 1-8H).

1IL-38 overexpression in the plasma cells of MRL/lpr mice

Another IL-36R antagonist, [L-38, localized to the cytoplasm of renal interstitial cells in all
groups, and the expression appeared to be abundant in both sexes of MRL/Ipr mice at the late
stage compared to that of the other groups (Fig. 1-9A). Using serial sections followed by IHC,
CD138" plasma cells were positive for IL-38" reactions (Fig. 1-9B). In disagreement with the
mRNA analysis, both sexes of MRL/Ipr mice showed that the number of IL-38" cells significantly
increased with the progression of nephritis, and at the late stage, the number of IL-38" cells of
MRL/Ipr mice tended to be higher than that of MRL/+ mice (Fig. 1-9C). These IL-38" cells did
not directly contact the IL-36a" tubules (Fig. 1-9D).
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Overexpression of IL-36a and IL-38 is positively correlated with nephritis

The protein expression of IL-36a and IL-38 at the late stage of nephritis was enhanced in
MRL/Ipr mice compared to that in MRL/+ mice among the IL-36R ligands (Fig.1-5, 6 and 9).
Thus, the author analyzed correlations between the parameters of IL-36a and IL-38 and indices
for autoimmune disease, renal function, and histopathology in both sexes of MRL/lpr mice (Table
1-4). In regard to the number of IL-36a" tubules, there were significant positive correlations with
serum levels of anti-dsDNA antibody, uACR, the number of all infiltrated cells, particularly CD3*
T cells and IBA-1" macrophages, into the tubulointerstitium. Furthermore, IL-36a" tubules were
significantly and positively correlated with BUN in females and with S/B ratio in males. In regard
to the IL-360" renal corpuscle ratio, male MRL/Ipr mice exhibited significant and positive
correlations with all indices for autoimmune disease, glomerular lesionand uACR. In contrast, the
IL-36a" renal corpuscle ratio of female MRL/lpr mice was significantly and positively correlated
with BUN, uACR, glomerular size, glomerular nucleus number, and mesangial area ratio.
Characteristically, both sexes of MRL/lpr mice showed a significantly positive correlation
between the IL-36a" renal corpuscle ratio and Gr-1" neutrophil number among infiltrated cells in
the glomerulus. Additionally, there was a significantly positive correlation between the number
of IL-36a" tubules and the renal corpuscle ratio in both sexes.

In regard to the IL-38" cell number, both sexes of MRL/Ipr mice exhibited significantly
positive correlations with the values of anti-dsDNA antibody, uACR, CD3" T cells in
tubulointerstitium, and IL-36a" tubules. In female MRL/Ipr mice, there were also significant
positive correlations between IL-38" cells and the indices for BUN, Cr, and other infiltration cells

into the tubulointerstitium.

Ubiquitous mRNA expression of 1l1rI2 in murine kidneys

According to a previous study, IL-36R was localized in podocytes, proximal and distal
tubules in healthy kidneys, whereas it was observed in interstitial cells and platelets in unilateral
ureteral obstruction kidneys 3. To identify the localization and induction of the IL-36R mRNA
111712, the author performed ISH assays in MRL/+ and MRL/lpr mice at the late stage. //1r/2
localized to tubular epithelial cells, mesangial cells, podocytes, parietal epithelial cells, interstitial
cells, urothelial cells, smooth muscle cells, and endothelial cells in the kidneys of both strains
from the cortex to the medulla (Fig. 1-10A). In the kidneys of both sexes of MRL/lpr mice, //17I2
was induced in tubular epithelial cells, parietal epithelial cells, and infiltrated immune cells in
glomerular and tubulointerstitial lesions and vasculitis, and positive signals in parietal epithelial
cells tended to be higher in male MRL/lpr mice than in female mice, similar to the localization
pattern of IL-36a (Fig. 1-10A). As shown in Fig. 1-10B, 1/1r/2" signals were primarily localized

in distal tubular epithelial cells, and MRL/lpr exhibited localization in the cells in close proximity
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to the vascular pole, including the juxtaglomerular complex. However, qPCR analysis revealed

that there was no difference in mRNA levels of ///r/2 among the groups (Fig. 1-10C).

Upregulation of IL-1 family signaling in MRL/Ipr kidneys

Stimulation of IL-36R induces IL-1 family signaling, including MAPK and NF-kB '?%. To
detect the significant GO associated with these signaling pathways, gene expression in the kidneys
at the late stage was comprehensively compared between female MRL/+ and MRL/lpr mice by
microarray focusing on 2-fold upregulated genes in the latter (Fig. 1-11A and B). As shown in
Fig. 1-11A, 25 genes associated with positive regulation of MAPK activity (GO: 0043406) were
significantly upregulated in MRL/lpr mice. Furthermore, in the genes related to positive
regulation of NF-kB transcription factor activity (GO: 0051092), MRL/lpr mice possessed 11
genes that were significantly upregulated compared to levels in MRL/+ mice (Fig. 1-11B). To
confirm the activation of the NF-kB pathway, the author performed IHC for p-NF-xB-p65, the
effective component of NF-«B (Fig. 1-11C). Positive reactions appeared in the nuclei of tubular
and parietal epithelial cells, and especially infiltrated cells in all groups at the late stage, and the
number was abundant in both sexes of MRL/lpr mice. Therefore, IL-1 family signaling, including

that of IL-36R, was upregulated in MRL/Ipr mice.

mRNA expression of ILIRL? in the cat kidneys

Reportedly, distal tubular and parietal epithelial cells express IL-36a in the human patients
with CKD ?¥. To elucidate a potential of IL-36R ligands for clinical investigation of renal diseases
in animals, the author examined /L/RL2 localization in the kidneys of cats, presenting a high
susceptibility to CKD with tubulointerstitium-dominant lesions **#%. The cat kidneys showed that
ILIRL?2 was mainly localized in tubular epithelial cells, especially distal ones, as well as parietal
epithelial cells with dilated Bowman’s capsule, podocytes, and urothelial cells (Figure 1-12),

indicating that IL-36R signaling roles in the kidneys are common between mice and cats.
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Discussion

The present study demonstrated the localization of the IL-36R ligands in murine kidneys
(Table 1-5). In regard to mRNA expression, both sexes of MRL/Ipr mice manifested autoimmune
disease-mediated nephritis, and the present results demonstrated that IL-36a coded by /16 was
the most overexpressed in the kidneys of MRL/Ipr mice, especially in the renal epithelial cells,
among the IL-1 family members at the late stage as previously reported 3. In contrast, no
common alteration was observed in the mRNA expression of other IL-36R ligands between male
and female MRL/Ipr mice. In previous studies, murine kidney injury models created by UUO and
folic acid injection revealed the downregulation of 7//f5 and 1118 in the kidney, while Nishikawa
et al. reported that the mRNA expression of 1L-36a, IL-36f, and IL-36y was upregulated in
murine kidneys with IRI >, Importantly, a disease-specific expression pattern of the IL-36R
ligands was also reported in other organs. In mice, collagen-induced arthritis increased the mRNA
levels of all members of this family; however, only 1/1f6, 111f9, and Il1f5 were upregulated in

antigen-induced arthritis '®

. Thus, these gene expression analyses indicated that IL-36a
contributes to the progression of various kidney diseases, while the expression of other members
may depend upon disease type.

The author investigated the localization of IL-36R ligands, and IL-360 was mainly localized
to distal tubular epithelial cells. Characteristically, some IL-36a" tubular epithelial cells exhibited
decreased specific marker expression for each renal tubule, indicating an alternation of morpho-
functional phenotypes. Furthermore, parietal epithelial cells also expressed IL-360 during disease
progression in MRL/lpr mice, and this was abundant in males. Chi ef al. reported the presence of
IL-360" parietal epithelial cells in human patients with a pathologic diagnosis of tubulointerstitial
lesions in nephritis or diabetic nephropathy *®. Importantly, IL-36a" parietal epithelial cells
frequently presented with a cuboidal and not squamous morphology and a positive reaction for
CD44, an activated parietal epithelial cell marker. CD44 is a glycoprotein involved in cell-cell
interactions, cell adhesion, and cell migration !9, Reportedly, those parietal epithelial cells are
observed with renal UEB disruption; they move to the tuft with damaged podocytes and seal the
disrupted filtration barrier, leading to glomerular sclerotic lesion development *. Furthermore,
IL-360" parietal epithelial cell number was positively correlated with neutrophil infiltration into
the glomerulus in MRL/Ipr mice. Neutrophil-secreting enzymes, including elastase, cathepsin G,
and proteinase 3, play crucial roles in processing and activating IL-36R agonists, thus suggesting
that neutrophils in glomeruli are involved in IL-36a production in parietal epithelial cells *". In
mice, female parietal epithelial cells are squamous, while male parietal epithelial cells are
composed of squamous to cuboidal cells under the control of sex-hormones. Furthermore, several
glomerular lesions, including focal segmental glomerular sclerosis, are more severe in males than

3,69,112)

those in females of mice as well as humans . Thus, induced IL-360 expression appeared to
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be associated with the morpho-functional changes of epithelial cells as tubular and parietal
epithelial cells and contribute to the pathogenesis of nephritis.

In MRL/Ipr mouse kidneys, CD138" plasma cells expressed IL-36p and IL-38, an agonist
and antagonist of IL-36R signaling, respectively. Plasma cells produce antibodies in addition to
immunosuppressive and pro-inflammatory cytokines such as IL-10 and 1L-17, respectively *¥. It
has been reported that IL-36a, IL-36f, IL-36y, and IL-36Ra are expressed in plasma cells,
indicating that these cells might be one of the main producers of IL-36R ligands '®). In another
report, IL-363" plasma cells were observed in the synovium and colonic mucosa of human
patients with rheumatoid arthritis and Crohn’s disease, respectively, and the number of IL-363"
cells was increased in the former only '®. In contrast, IL-36B" cells were rarely observed in the
tubulointerstitium of MRL/lpr mice at the late stage only. Therefore, the author concluded that
the contribution of IL-36p to the pathogenesis of nephritis in MRL/lpr mice was relatively low
compared to that of other members.

In contrast, IL-38" plasma cells were significantly increased in MRL/lpr mice during the
progression of nephritis; however, the mRNA level was not altered. SLE patients possessed high
serum levels of IL-38 that were associated with the risk of LN and central nervous system lupus
19 In MRL/lpr mice and another SLE model mouse induced by pristane, IL-38 injection
ameliorated skin inflammation and nephritis and reduced proteinuria *'*¥. Additionally, in vitro
experiments demonstrated that IL.-38 inhibited T helper 17 cell responses such as the production
of IL-17 and IL-22 that were activated by IL-36R signaling ?°"'*?. In the present study, infiltration
of IL-38" plasma cells into the tubulointerstitium was relatively mild compared to that observed
in T cells and in macrophages. However, the IL-38" cell number in the tubulointerstitium exhibited
a positive correlation with certain indices for tubulointerstitial lesions such as IL-36a" tubule
number. Therefore, these results indicated that IL-38 was induced by IL-36a upregulation and
was involved in tubulointerstitial lesions as an antagonist.

The author found that IL.-36y and IL-36Ra were constitutively expressed in murine kidneys.
IL-36y was localized to sympathetic nerves in the kidney, as observed previously in the intestine.
Another study also revealed that IL-36y was expressed and upregulated in spinal nerves of a
mouse model of chronic inflammatory pain induced by injection of complete Freund’s adjuvant
9, However, in the kidney, IL-36y was also expressed under healthy conditions. Similar to IL-
36y localization, IL-1a, a member of the IL-1 family, is expressed in rat peripheral nerves in
accordance with the distribution of noradrenergic innervation of organs such as the colon and
pancreas ?. Cytokines exert several physiological functions in the nervous system. For example,
TNF-a is produced by neurons, astrocytes, and microglia and contributes to the development of
the hippocampus, ionic homeostasis, and synaptic plasticity and also to the initiation and

99)

progression of some neuronal diseases ™. Further investigation is required to elucidate the
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physiological functions of IL-36y in the kidneys through the function of nerves, and these studies
should particularly focus on representative sympathetic nerve activity such as the regulation of
renal blood flow 'V,

Under healthy conditions, IL-36Ra was expressed in smooth muscle cells of the tunica media
of arteries and arterioles and was partially absent in the cells with vasculitis in MRL/lpr mice. It
has been reported that [L-36Ra was expressed in keratinocytes, in various immune cells such as
B cells, macrophages, and dendritic cells, and in perivascular cells surrounding the fetal blood

102.116) Further, blood vessels in the tumor and tonsil of patients with

vessels of human placentas
colon carcinoma express IL-36Ra with IL-36y, and there has been a positive correlation between
IL-36Ra expression and the upregulation of immune checkpoint markers such as programmed
cell death 1, programmed cell death ligand 1, and cytotoxic T-lymphocyte associated protein 4
130 Additionally, distal tubular and parietal epithelial cells also expressed IL-36Ra in accordance
with IL-36a localization, and both of them were at least partially co-expressed in distal tubular
epithelial cells. Therefore, IL-36Ra induction might be associated with IL-36a overexpression in
injured renal epithelial cells to regulate inflammation, and this has been reported as a positive
correlation between the mRNA and protein levels in synovial tissues of patients with rheumatoid
arthritis '®.

The present ISH study revealed that the mRNA of IL-36R, ///7I2, was ubiquitously expressed
in murine kidneys. It has been previously reported that IL-36R is expressed in immune and non-
immune cells; the former are dendritic cells, T cells, and macrophages and the latter are the
epithelial cells of renal tubules and bronchioles, keratinocytes, and fibroblasts >!°2, Additionally,
the nephritis models exhibited induction of ///7/2 in renal lesions, including tubular epithelial
cells of dilated tubules and proliferative cells, and this induction was markedly present in
mesangial cells and parietal epithelial cells. In MRL/lpr mice at the late stage, the microarray
analysis and IHC for p-NF-xB-p65 showed the upregulation of genes associated with MAPK and
NF-kB pathways, which are common to the IL-1 family, including IL-360 '**. In IL-36R-
expressing cells, these pathways promote inflammatory responses through the production of
cytokines and chemokines, including IL-6, IL-8, TNF-a, C-X-C motif chemokine ligand 1
(CXCL1), and CXCLS, suggesting that renal inflammation with the renal epithelial cell injuries
in MRL/lpr mice was activated by IL-36a. 9,

Reportedly, patients with SLE show high serum levels of IL-36a, IL-36y, and IL-38 and a
low level of IL-36Ra, and peripheral blood mononuclear cells are suspected to be their origin
81103 However, the levels of these proteins have not yet been investigated in MRL/lpr mice. In
mice, systemic autoimmune disease is caused by /pr mutation, a defect in the expression of FAS
antigen, which is involved in T cell apoptosis to eliminate autoreactive cells under normal

conditions *”. Furthermore, MRL/Ipr mice showed increased expression of //1b and Ifng in
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spleens and lymph nodes before the onset of autoimmune disease, suggesting that /pr mutation
might be associated with the upregulation of cytokines 7. In the kidneys, the author considered
that the gene mutation might regulate the IL-36R ligand expression through indirect pathways;
the progression of autoimmune disease might induce renal inflammation, leading to
overexpression of IL-36a, which exacerbates the symptoms of nephritis.

IL-36a is expressed in distal tubular and parietal epithelial cells of human patients with CKD
and AKI in addition to the mouse models *%Y. The present study focused on cats which mainly
manifest tubulointerstitial lesions rather than glomerular lesions, frequently develop CKD
(incidence, 80.9%, over 15 year-old), and show renal disorders at 57% under SLE %34 As distal
tubular and parietal epithelial cells express both IL-36a and IL-36R in the examined mice, the cat
kidneys showed the similar localization pattern of IL-36R gene-expressing cells; however, 1L-
360 coding gene in cats and dogs has not been annotated yet (Ensembl;
https://asia.ensembl.org/index.html, UCSC Genome Browser;
https://genome.ucsc.edu/index.html). Thus, further investigations are needed to elucidate whether
IL-36R agonists have the similar pathological roles in cat kidneys, contributing to a novel
approach dependent on IL-36R signaling for CKD diagnosis and treatment in veterinary and
human medicine.

In conclusion, the author demonstrated the functional compartmentalization of the IL-36R
ligands in murine kidneys, and each member exhibited constitutive or induced expression in renal
epithelial cells and interstitial cells. Importantly, IL-36R gene localization in mice coincided with
that of cats. Although further studies are required to elucidate the functions of each member of
this family in the kidneys, the present study strongly suggested that a balance of IL-36R agonists
and antagonists was maintained under health conditions; however, inflammatory conditions cause
an IL-36a-dominant imbalance in renal epithelial cells, leading to deterioration and increased
renal pathology with UEB disfunctions. Therefore, redressing the balance, particularly IL-36a
inhibition, may play a key role in the development of novel therapeutic strategies targeting kidney

disease.

20



Summary

The IL-36R ligands belongs to the IL-1 family and is comprised of agonists (IL-36a, IL-36f3,
IL-36y) and antagonists (IL-36Ra, IL-38). A previous report have showed IL-36a overexpression
in renal tubules of chronic nephritis mice. To understand the localization status and biological
relationships among each member of the IL-36R ligands in the renal epithelium, MRL/Ipr mice
were investigated as spontaneous nephritis models using pathology-based techniques. MRL/Ipr
mice exhibited disease onset from 3 months and severe nephritis at 6-7 months (early and late
stages, respectively). Briefly, IL-36y and IL-36Ra were constitutively expressed in murine
kidneys, while the expression of IL-36a, IL-36f, IL-36Ra, and IL-38 was induced in MRL/Ipr
mice. IL-36a expression was significantly increased and localized to injured tubular epithelial
cells. CD44"-activated parietal epithelial cells also exhibited higher IL-36a positive rates,
particularly in males. IL-36f and IL-38 are expressed in interstitial plasma cells. Quantitative
indices for IL-36a and IL-38 positively correlated with nephritis severity. Similar to IL-36a, IL-
36Ra localized to tubular and parietal epithelial cells at the late stage; however, MRL/Ipr and
healthy MRL/+ mice possessed IL-36Ra* smooth muscle cells in kidney arterial tunica media at
both stages. IL-36y was constitutively expressed in renal sympathetic axons regardless of strain
and stage. [L-36R gene was ubiquitously expressed in the kidneys and was induced especially in
renal epithelial cells proportional to disease severity. MRL/Ipr mouse kidneys possessed
significantly upregulated IL-36R downstream candidates, including NF-kB- or MAPK-pathway
organizing molecules. Moreover, IL-36R gene in cat kidneys was localized in distal tubular and
parietal epithelial cells, in accordance with IL-36R and IL-36a localization in the mouse kidneys.
Thus, the IL-36R ligands contributes to homeostasis and inflammation in the kidneys, and
especially, an IL-36a-dominant imbalance in renal epithelial cells could strongly impact nephritis

deterioration.
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Table 1-1. List of antibodies used in this study

Primary a.nd s?condary Host Dilution Source Ant'igen Blocking serum

antibodies retrieval IHC IF

B220 Rat 1:1,600 Cedarlane, Burlington, Canada Tris 10% NGS

CD3 Rabbit  1:200 Nichirei, Tokyo, Japan Tris 10% NGS

IBA-1 Rabbit  1:1200 Wako, Tokyo, Japan Tris 10% NGS

Gr-1 Rat 1:800 R and D system, Minneapolis, MN, USA Pepsin 10% NGS

CD138 Rat 1:300 Biolegend, San Diego, CA, USA Tris 10% NGS 5% NDS

CD44 Rat 1:800 BD Biosciences, Franklin Lakes, NJ, USA Tris 5% NDS

a-SMA Rabbit  1:3,000 Abcam, Cambridge, UK Tris 5% NDS

Tyrosine hydroxylase Rabbit  1:1,000 Abcam, Cambridge, UK Tris 5% NDS

Calbindin-D28k Rabbit  1:1,000 Proteintech, Rosemont, IL, USA Tris 5% NDS

HNF-4a Rabbit  1:1,000 Cell signaling, Danvers, MA, USA Tris 5% NDS

IL-36a Goat 1:400 R and D system, Minneapolis, MN, USA CB 5% NDS 5% NDS

IL-368 Goat 1:2,000 R and D system, Minneapolis, MN, USA Tris 5% NDS 5% NDS

IL-36y Mouse  1:1,600 Abcam, Cambridge, UK Tris Mouse stain Kit 5% NDS

IL-36Ra Rat 1:200 R and D system, Minneapolis, MN, USA Pepsin 10% NGS 5% NDS

IL-38 Rat 1:1,500 R and D system, Minneapolis, MN, USA Pepsin 10% NGS 5% NDS

Rat 1gG-biotin Goat 1:400 Biolegend, San Diego, CA, USA

Rabbit 1gG-biotin Goat Undiluted SABPO(R)K:it, Nichirei, Tokyo, Japan

Goat 1gG-biotin Donkey 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA

Mouse IgG-biotin Goat Undiluted Mouse stain Kit, Nichirei, Tokyo, Japan

Rabbit 1gG-Alexa Fluor 488/546 Donkey 1:500 Thermo Fisher Scientific, Waltham, MA, USA
Rat 1gG-Alexa Fluor 488/546 Donkey 1:500 Thermo Fisher Scientific, Waltham, MA, USA
Goat IgG-Alexa Fluor 488/546 ~ Donkey 1:500 Thermo Fisher Scientific, Waltham, MA, USA
Mouse IgG-Alexa Fluor 488 Donkey 1:500 Thermo Fisher Scientific, Waltham, MA, USA

Tris: 20mM Tris-HCI buffer (pH9.0) at 110°C for 15min. CB: 10mM citrate buffer (pH6.0) at 110°C for 15min. Pepsin: 0.1% pepsin. NDS: Normal donkey serum NGS: Normal goat serum.
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Table 1-2. List of primers used in this study

Gene symbol (Gene ID) Primer sequence (5'-3') F: Forward, R: Reverse Product size (bp)
Actb (11461) F: TGTTACCAACTGGGACGACA R: GGGGTGTTGAAGGTCTCAAA 165
11116 (54448) F: TCCTGCAGAACAATATCCTCAC R: GTTCGTCTCAAGAGTGTCCAGA 104
111f8 (69677) F: GTTCCTGCTAGCAACAATGTCA R: CCATCTCAACACAGCAGAAGC 142
111f9 (215257) F: CCAGTCAGCGTGACTATCCTC R: ATGGCTTCATTGGCTCAGG 193
11115 (54450) F: GAAGGATTCAGCCTTGAAGGTA R: CCGATTTGGGACAACACTG 112
11110 (215274) F: TGGGAGACCCTGATTCAGACA R: TCTTTACACACGCCAGGCAG 132
111r12 (107527) F: AGACACCTTAGAGTTCACCAGGAC R: CCATGGAAGAGTCACACCAG 163
I11a (16175) F: AGATGACCTGCAGTCCATAACC R: GACAAACTTCTGCCTGACGAG 121
111b (16176) F: TTCCAGGATGAGGACATGAGC R: AATGGGAACGTCACACACCAG 111
I11rn (16181) F: TTGTGCCAAGTCTGGAGATG R: TTCTCAGAGCGGATGAAGGTA 111
1118 (16173) F: AGTAAGAGGACTGGCTGTGACC R: AACTCCATCTTGTTGTGTCCTG 174
1133 (77125) F: GCTGATGGTGAACATGAGTCC R: CTCCTATGTAAGTGCCAGGAAG 188
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Table 1-3. Indices of autoimmune disease, renal functions, and renal histopathology

Early stage of nephritis (3 months)

Late stage of nephritis (6-7 months)

Female Male Female Male
Index MRL/+ MRL/lpr MRL/+ MRL/lpr MRL/+ MRL/lpr MRL/+ MRL/lpr
Autoimmune S/B ratio (%) 0.26 £0.01*  0.69+0.07" 0.20 £0.01 0.59 +0.08" 0.25+0.02 2.29 +0.53™%8 0.22+0.01 1.54 +0.23™%
disease dsDNA (U/mL) 756 £0.94 406.31+74.99" 3.77+158 201.71+39.23" 8.70 +3.95 807.90 + 88.02" 11.46 +3.67  632.48 £95.29™%
BUN (mg/dL) 20.83+214  28.23+5.42 28.28+1.77 31.93+4.97 26.60 +2.08 52.63 £3.33" 21.13+1.64 36.81 +4.53"
Renél Cr (mg/dL) 0.38 £ 0.06 0.28 +0.03 0.34+£0.10 0.32+0.04 0.29 + 0.06 0.51+0.15 0.70+0.39 1.13 £0.80
funetion uACR (pg/mg) NE 29.40 £10.43"  345.021 +133.42 42.03+9.94 463.14 + 118.14
Glo. Nucleus (No.) 41.95+041 454 +0.20" 4233111 47.63 £0.54" 45.65 + 0.96% 78.64 + 55988 43.08 +0.37 62.74 £5.13"¢
Glo. Size (x10%um?)  2.18 +0.03" 2.24 +0.071 2.54 £0.05 2.82 £0.10" 2.94 +0.197 5.54 +0.63™% 2.58 £0.03 451 +0.42™8
Mesangial area (%) 34.89+1.07 40.10+0.79" 36.23 +£0.95 38.61+0.74" 37.33 £1.408 47.08 £2.17*18 34.32+£0.88 46.10 +1.92™
Glo. B220 (No./Glo.)  0.03 +£0.02 0.03+0.03 0.03 £0.02 0.08 +0.02 0.03+0.02 1.46 +0.43™8 0.08 +0.03 0.90 £ 0.177"8
Glo. CD3 (No./Glo.)  0.11+0.03 0.18 +0.06 0.10 £0.04 0.17+0.04 0.11 £0.03 1.95 +0.38™"%8 0.13 £0.02 1.21 +0.23"%8
Renal Glo. IBA-1 (No./Glo.) 0.01£0.01 0.02 £0.01 0.01 £0.01 0.12 £ 0.06 0.17+0.13 1.65 +0.18"%¢ 0.03 £0.02 0.74 £0.10™%8
histopathology
Glo. Gr-1 (No./Glo.)  0.11 £0.02 0.12 £0.04 0.09 £0.05 0.21 £0.08 0.28 +0.13f 0.81 +0.107S8 0.13+£0.03 1.03 £0.317¢
Ti. B220 (No./mm?) 542 +219 10.38 £2.78 7.08 +2.20 13.92 +£2.99 10.38 £3.49 52.70 +11.047%8 1415+1.76 45,60 + 4,057
Ti. CD3 (No./mm?) 13.21 £1.72 93.16 + 1.56" 23.35+4.08 86.79 +3.11" 2476 £10.29 29643 +32.257% 4033 +4.45%  196.22 +27.357°%8
Ti. IBA-1 (No./mm?)  3.99+1.42 26.52+6.42" 17.34+14.16 38.28+10.67 127.12+21.46°% 386.15+50.66"% 159.20 +11.71% 289.18 +21.88™%
Ti. Gr-1 (No./mm?) 2.83+1.02 7.55+1.85 3.77 £0.39 9.43 +1.02* 13.21 +4.928 23.46 +2.58"¢ 14.39 + 1.058 20.21 +2.33"%8

Each value represents the mean + SE (n= 4-9, except for Cr; n=3-8). *: Significant difference in MRL/lpr against MRL/+ mice of the same sex at the same stage (*: P < 0.05, **: P

<0.01). T Significant difference in female versus male mice of the same strain at the same stage (: P < 0.05, §1: P <0.01). §: Significant difference at the late stage against the early

stage in the same mouse strains of the same sex (§: P < 0.05, §§: P <0.01). Mann-Whitney U-test. S/B ratio: weight ratio of spleen to body, dSDNA: serum anti-double-stranded DNA

antibody level, BUN: blood urea nitrogen, Cr: serum creatinine level, uACR: urinary albumin to creatinine ratio, Glo: glomerulus, Ti: tubulointerstitium, No: number, NE: not examined.
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Table 1-4. Correlation analysis between parameters of IL-36a and IL-38 and indices for lupus

nephritis in MRL/Ipr

IL36a" tubules IL36a" PECs Ti. IL-38" cells
Index Female Male Female Male Female Male
Autoimmune S/B ratio 0.500 0.681" 0.121 0.736™ 0.401 0.391
disease dsDNA 0.782" 0.698™ 0.528 0.714™ 0.646" 0.624"
BUN 0.636" 0.413 0.674" 0.487 0.668" 0.157
fj::i)ln Cr 0.517 -0.191 0.429 0.036 0.633" -0.014
UACR 0.943™  0.967"  0.845" 0.800" 0.671" 0.680"
Glo. Nucleus 0.927™  0.791™  0.674"  0.923" 0691  0.737"
Glo. Size 0.918™  0.819™  0.674° 0918  0.807™  0.770™

Mesangial area 0.818™  0.791™  0.661" 0.709™  0.673°  0.704™

Glo. B220* cells 0.615" 0.736™ 0.122 0.711™ 0.474 0.415

Glo. CD3* cells 0.659" 0.797™ 0.231 0.758™ 0.480 0.523
Glo. IBA-17 cells 0.548 0.865™ 0.190 0.901™ 0.375 0.728"™

Renal Glo. Gr-1* cells 0.888™ 0.802™ 0.676" 0.906™ 0.624" 0.632"
histopathology Ti. B220* cells 0.718" 0.652" 0.283 0.465 0.636" 0.277
Ti. CD3" cells 0.918™ 0.857" 0.674" 0.758™ 0.880™ 0.597"

Ti. IBA-1" cells 0.900™ 0.808™ 0.674" 0.648" 0.737™ 0.370

Ti. Gr-1* cells 0.679" 0.731™ 0.392 0.736™ 0.610" 0.404

IL-36a* tubules - - 0.674" 0.885™  0.820™  0.737"

IL-36a" PECs 0.674" 0.885™ - - 0.547 0.779™

Ti. 1L-38* cells 0.820™ 0.737™ 0.547 0.779™ - -

Values indicate Spearman's correlation coefficient (p; n= 6-13, * P < 0.05, ** P <0.01). S/B ratio: weight
ratio of spleen to body, dsSDNA: serum anti-double-stranded DNA antibody level, BUN: blood urea nitrogen,
Cr: serum creatinine level, uUACR: urinary albumin to creatinine ratio, Glo: glomerulus, Ti: tubulointerstitium,

PECs: parietal epithelial cells.
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Table 1-5. Localization of IL-36R ligands in murine kidneys

IL-360 IL-36B IL-36y IL-36Ra IL-38
TEC | - - | -
PEC | - - | -
Plasma cell - | - - I
Sympathetic axon - - Cc - -
Smooth muscle cell - - - Cc -

I: Induced expression in lupus nephritis, C: Constitutive expression, TEC: tubular epithelial cell,

PEC: Parietal epithelial cell.
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Figure 1-1. Histopathology of glomeruli in the murine kidneys

PAS-H staining images for all groups. Glomerular hypercellularity and hypertrophy as well as
mesangial matrix expansion are clearly observed in both sexes of MRL/Ipr mice at the late stage of
spontaneous nephritis. Bars = 50 um. PAS-H: periodic acid Schiff-hematoxylin, Early: early stage of

nephritis (3 months), Late: late stage of nephritis (6-7 months).
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Figure 1-2. Infiltration of B cells and T cells in the murine kidneys

(A and B) IHC images for B220 (B cell marker, panel A) and CD3 (T cell marker, panel B),
respectively. Both B220* B cells and CD3* T cells are abundant in the glomeruli and tubulointerstitium
of both sexes of MRL/Ipr mice at the late stage of spontaneous nephritis. Arrowheads indicate
immune-positive cells. Insets indicate high magnification images of the areas marked by the black

squares. Bars = 50 um. Early: early stage of nephritis (3 months), Late: late stage of nephritis (6-7

months).
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Figure 1-3. Infiltration of macrophages and neutrophils in the murine kidneys

(A and B) IHC images for IBA-1 (macrophage marker, panel A) and Gr-1 (neutrophil marker, panel
B), respectively, for all groups. IBA-1" macrophages and Gr-1* neutrophils are abundant in the
glomeruli and tubulointerstitium of both sexes of MRL/Ipr mice at the late stage of spontaneous
nephritis. Arrowheads indicate immune-positive cells. Insets indicate high magnification images of
the areas marked by the black squares. Bars = 50 pm. Early: early stage of nephritis (3 months), Late:

late stage of nephritis (6-7 months).
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Figure 1-4. mRNA expression of IL-1 family members in the murine kidneys
Heatmap for relative mRNA expression levels of I/1a, Il1b, Il1rn, 1118, 11115, 1116, 11118, 11119, 111f10,

and /33 in the kidneys. The expression levels are normalized to the values of Actb of female MRL/+
mice at the early stage of spontaneous nephritis. Each value represents the mean (n= 4-11). *:
Significant difference in MRL/Ipr mice against MRL/+ mice of the same sex at the same stage (*: P
<0.05, **: P <0.01). 1: Significant difference in female against male mice of the same strain at the
same stage (f: P <0.05, i1: P <0.01). §: Significant difference at the late stage against the early stage
in the same mice strains of the same sex (§: P < 0.05, §§: P <0.01). Mann-Whitney U-test, qgPCR
analysis. F: female, M: male, Early: early stage of nephritis (3 months), Late: late stage of nephritis

(6-7 months).
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Figure 1-5. IL-360 localization in the renal tubules of the murine kidneys

(A) IHC images for IL-36a. IL-36a" renal tubules (arrowheads) are observed in all groups at the early
stage of spontaneous nephritis, and those numbers tend to increase in both sexes of MRL/Ipr mice as
they age. Meanwhile, IL-360" renal corpuscles (arrows) are frequently found in male MRL/lpr mice
at the late stage. Bars = 100 um. (B) Representative IHC images for IL-36a in male MRL/lpr mice at
the early and late stages. IL-36a" reactions (arrowheads) are observed in the cytoplasm and nucleus
of tubular epithelial cells, including a segment of MD and dilated tubules with urinary cast. Bars = 50
um. (C) The number of IL-36a" renal tubules. Each bar represents the mean = SE (n= 4-9). *:
Significant difference in MRL/Ipr against MRL/+ mice of the same sex at the same stage (*: P <0.05).
1: Significant difference in female against male mice of the same strain at the same stage (1: P <0.05).
§: Significant difference at the late stage against the early stage in the same mouse strains of the same
sex (§: P<0.05, §§: P <0.01). Mann-Whitney U-test. (D and E) Representative double IF images for
IL-360 (green) with calbindin-D28k (red, distal tubule marker) or HNF-4a (red, proximal tubule
marker) in male MRL/lpr mice at the late stage. IL-36a" cells are mainly observed in calbindin-D28k*
distal tubules (panel D), while the number of these cells in HNF-4a" proximal tubules is quite few
(panel E). Arrowheads indicate IL-36a", calbindin-D28k", or HNF-4a" cells. The nucleus is stained
by Hoechst (blue). Insets indicate high magnification images of areas marked by the white squares.
Bars = 50 um. F: female, M: male, Early: early stage of nephritis (3 months), Late: late stage of
nephritis (6-7 months), MD: macula densa.
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Figure 1-6. IL-36a localization in parietal epithelial cells of the murine kidneys

(A) Representative IHC images for IL-36a in female and male MRL/Ipr mice at the late stage of
spontaneous nephritis. IL-36a" reactions (arrowheads) are observed in the cytoplasm and nucleus of
cuboidal parietal epithelial cells. Bars = 50 um. (B) Percentage of the number of IL-36a" renal
corpuscles to that of total ones. Each bar represents the mean + SE (n= 4-9). *: Significant difference
in MRL/lpr against MRL/+ mice of the same sex at the same stage (**: P <0.01). f: Significant
difference in female against male mice of the same strain at the same stage (: P <0.05, {: P <0.01).
§: Significant difference at the late stage against the early stage in the same mouse strains of the same
sex (§§: P <0.01). Mann-Whitney U-test. (C) Representative double IF images for [L-36a (green) and
CD44 (red) in male MRL/Ipr mice at the late stage. IL-36a is frequently co-expressed in CD44*
parietal epithelial cells (arrowheads). Arrows indicate infiltrated CD44" cells. The nucleus is stained
by Hoechst (blue). Dotted lines indicate renal corpuscles. Inset indicates high magnification image of
area marked by the white square. Bars = 50 um. (D) Percentage of IL-360a" parietal epithelial cells in
CD44 positive and negative parietal epithelial cells in male MRL/Ipr mice at the late stage. Each bar
represent the mean + SE (n= 5). *: Significant difference in CD44" parietal epithelial cells against
CD44 parietal epithelial cells (Mann-Whitney U-test, ** P < 0.01). F: female, M: male, Early: early
stage of nephritis (3 months), Late: late stage of nephritis (6-7 months), RC: renal corpuscle, PEC:
parietal epithelial cell, ND: not detected.
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Figure 1-7. Localization of IL-36p and IL-36y in the murine kidneys

(A) Representative IHC image for IL-36p in female MRL/Ipr mice at the late stage of spontaneous
nephritis. IL-36B" reactions (arrowheads) are rarely observed in the cytoplasm of interstitial cells. Bars
=50 um. (B) Representative double IF images for IL-36[ (green) and CD138 (red, plasma cell marker)
in female MRL/Ipr mice at the late stage. IL-36f is expressed in CD138" plasma cells (arrowheads).
Arrows indicate IL-36f3 CD138" cells. The nucleus is stained by Hoechst (blue). Inset indicates high
magnification image of the area marked by the white square. Bars = 50 um. (C) Representative IHC
image for IL-36y in male MRL/Ipr mice at the late stage. IL-36y" reactions (arrowheads) are found
mainly in the interstitium surrounding the vessels or renal corpuscles. Bars = 50 pum. (D)
Representative double IF images for IL-36y (green) and tyrosine hydroxylase (red, sympathetic nerve
marker) in male MRL/+ mice at the late stage. Tyrosine hydroxylase® sympathetic axons exhibit IL-
36y positive and negative reactions (arrowheads and arrows, respectively). The nucleus is stained by
Hoechst (blue). Inset indicates high magnification image of the area marked by the white square. Bars

=50 um. Late: late stage of nephritis (6-7 months).
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Figure 1-8. Localization of IL-36Ra in the murine kidneys

(A) Representative IHC image for IL-36Ra in male MRL/lpr mice at the late stage of spontaneous
nephritis. IL-36Ra* reactions (arrowheads) are observed in the tunica media of arteries. Bars = 100
um. (B) Representative double IF images for IL-36Ra (green) with a-SMA (red, smooth muscle cell
marker) in male MRL/lpr mice at the late stage. IL-36Ra" reactions are observed in the cytoplasm of
smooth muscle cells of arteries and arterioles. Arrowheads indicate IL-36Ra* or a-SMA™ cells. The
nucleus is stained by Hoechst (blue). Dotted lines represent renal corpuscles. Inset indicates high
magnification image of the area marked by the white square. Bars = 50 pm. (C-E) Representative IHC
images for IL-36Ra in male MRL/Ipr mice at the late stage. The IL-36Ra" reaction in smooth muscle
cells with vasculitis (asterisk) is partially defective (panel C). IL-36Ra* reactions are observed in
parietal and tubular epithelial cells (panel D and E, respectively). Arrowheads indicate IL-36Ra*
reactions. Insets indicate high magnification images of the areas marked by the black squares. Bars =
50 um. (F) Representative double IF images for IL-36Ra (green) and calbindin-D28k (red, distal
tubule marker) in male MRL/Ipr mice at the late stage. The granular IL-36Ra" reactions are expressed
in the apical portion of distal tubular epithelial cells. Arrowheads indicate IL-36Ra" or calbindin-
D28k* cells. The nucleus is stained by Hoechst (blue). Insets indicate high magnification images of
areas marked by the black squares. Bars = 50 um. (G) Representative serial sections followed by IHC
for IL-36Ra and HNF-4a (proximal tubule marker) in male MRL/Ipr mice at the late stage. The IL-
36Ra" reaction is not observed in HNF-4a* proximal tubules. Asterisks indicate IL-36Ra" HNF-4a-
tubules. Bars = 50 pum. (H) Representative serial sections followed by IHC for IL-36Ra and IL-36a in
female MRL/Ipr mice at the late stage. A portion of the tubular epithelial cells co-express IL-36Ra and
IL-360 (arrowheads). Asterisks indicate the same tubules. Insets indicate high magnification images
of the areas marked by the black squares. Bars = 50 pm. Late: late stage of nephritis (6-7 months), L:
lumen of renal pelvis, TA: interlobar artery, AA: arcuate artery, InA: intralobular artery, GA:

glomerular arteriole.
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Figure 1-9. Localization of IL-38 in the murine kidneys

(A) IHC images for IL-38. IL-38" cells are found in the tubulointerstitium of all groups, and that
number is abundant in both sexes of MRL/Ipr mice at late stage of spontaneous nephritis compared to
those observed in the others. Bars = 50 um. (B) Representative serial sections followed by IHC for
IL-38 and CD138 (plasma cell marker) in male MRL/Ipr mice at the late stage. IL-38 is expressed in
CD138" plasma cells (arrowheads). Bars = 50 pum. (C) The number of IL-38" cells in the
tubulointerstitium. Each bar represents the mean + SE (n= 4-9). §: Significant difference at the late
stage against the early stage in the same mouse strains of same sex (§: P < 0.05). Mann-Whitney U-
test. (D) Representative serial sections followed by IHC for IL-38 and IL-36a in female MRL/Ipr mice
at the late stage. IL-38" cells (arrowheads) are not surrounding IL-36a* renal tubules (asterisks). Bars
=50 um. F: female, M: male, Early: early stage of nephritis (3 months), Late: late stage of nephritis
(6-7 months).
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Figure 1-10. I11ri2 localization in the murine kidneys

(A) Representative ISH images for ///7/2 in male MRL/+ and MRL/lpr mice at the late stage of
spontaneous nephritis. 7//r/2* reactions (arrowheads) are observed in glomeruli, tubulointerstitium,
and vasculature from cortex to medulla in both strains, and this expression is induced in glomerular
and tubulointerstitial lesions of MRL/Ipr mice. Dotted lines indicate renal corpuscles. Insets indicate
high magnification images of the areas marked by the black squares. Bars = 50 pm. (B) Representative
ISH for 111712 images followed by PAS-H staining in female MRL/lpr mice at the late stage. I/17[2"
reaction (arrowheads) is observed in PAS- distal tubules and not in PAS* proximal tubules. The positive
cells are in close proximity to the vascular pole in MRL/Ipr mice at the late stage. Insets indicate high
magnification images of the areas marked by the black squares. Bars = 50 pm. (C) mRNA expression
of 111712 coding IL-36R in kidneys. The expression levels are normalized to the values of Actb, and
those of female MRL/+ mice at the early stage. Each bar represents the mean + SE (n=4-11). F: female,
M: male, Early: early stage of nephritis (3 months), Late: late stage of nephritis (6-7 months), RC:
renal corpuscle, Ti: tubulointerstitium, L: lumen of renal pelvis, PAS-H: periodic acid Schiff-

hematoxylin, DT: distal tubule, PT: proximal tubule, MD: macula densa.
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Figure 1-11. Upregulated downstream-genes involved in IL-1 family signaling and localization
of p-NF-kB in the murine kidneys

(A and B) GO analysis for positive regulation of MAPK activity (GO: 0043406; panel A) and of NF-
kB transcription factor activity (GO: 0051092; panel B) in the kidneys of female MRL/Ipr mice at the
late stage of spontaneous nephritis compared to those values in female MRL/+ mice at the same stage.
MRL/Ipr mice possess 25 genes associated with positive regulation of MAPK activity (panel A) and
11 genes associated NF-kB transcription factor activity (panel B) that are upregulated more than 2-
fold compared to those of MRL/+ mice. Each value represents the relative mRNA level of MRL/lpr
mice against MRL/+ mice (n =3). *: Significant difference in female MRL/Ipr mice at the late stage
against the same sexes of MRL/+ mice at the same stage (Student z-test, * P <0.05, ** P <0.01). (C)
Representative IHC images for p-NF-kB. p-NF-kB* nuclei (arrowheads) are observed in tubular and
parietal epithelial cells, and infiltrated cells of all groups at the late stage of nephritis, and that number
is abundant in both sexes of MRL/lpr mice compared to MRL/+. Insets indicate high magnification
images of the areas marked by the black squares. Bars = 50 pm. Min: minimum expression of mRNA,
Max: maximum expression of mRNA, Early: early stage of spontaneous nephritis (3 months), Late:

late stage of spontaneous nephritis (6-7 months).
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Figure 1-12. ILIRL?2 localization in the cat kidneys

Representative ISH images for /L/RL?2 in cat kidneys. ILIRL2" reactions (arrowheads) are observed
in parietal epithelial cells, podocytes, mesangial cells, and tubular epithelial cells, interstitial cells from
cortex to medulla as well as urothelium. In renal tubules, the positive reactions are dominant in distal
tubules compared with proximal tubules. Insets indicate high magnification images of the areas
marked by the black squares. Bars = 50 pm. RC: renal corpuscle, Ti: tubulointerstitium, L: lumen of

renal pelvis, PT: proximal tubule, DT: distal tubule.
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Chapter 2
Interleukin 36 receptor deficiency ameliorates the renal lesions

in autoimmune disease-mediated nephritis
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Introduction

In Chapter 1, the author described that IL-36R ligands are associated with the development
and progression of glomerular and tubulointerstitial lesions showing renal epithelial cell damages
in spontaneous nephritis of MRL/Ipr mice. The IL-36a, IL-36p, and IL-36y act as agonists and
induce NF-kB and MAPK signaling, while IL-36Ra and IL-38 bind to IL-36R and prevent the
formation of IL-1R accessory protein. In the kidneys of MRL/lpr mice, IL-36R ligands show
constitutive and induced expression. In normal kidneys, IL-36y and IL-36Ra are localized in
sympathetic axons and smooth muscle cells, respectively, while IL-360, [L-3683, IL-36Ra, and IL-
38 are ectopically induced in renal tissues, such as renal epithelial cells and mesenchymal cells.
In particular, the nephritis show overexpression of IL-36a in parietal and distal tubular epithelial
cells, and IL-38 in plasma cells. Since IL-36R-KO mice present the amelioration of CKD and
AKI pathology 2%, the author next analyzed renal phenotypes of MRL/Ipr mice with IL-36R
deficiency in this chapter.

Immune-mediated nephritis, such as LN, is closely associated with progression of systemic
and local immune conditions, which are mediated by IL-36R signaling. Serum levels of IL-36a,
IL-36y, and IL-38 are increased in patients with SLE, whereas IL-36Ra levels are decreased 8,
Furthermore, IL-36R ligands are associated with the development of inflammatory diseases in
other organs; rheumatoid arthritis, psoriasis, inflammatory bowel disease, neuromyelitis,
Sjogren’s syndrome, and systemic sclerosis 2. Constitutively, they are produced in dendritic cells
and epithelial cells in sites including the skin and intestine, and have a function in innate immunity.
However, their overexpression under disease conditions is induced in T cells, B cells, and
monocytes, leading to exacerbation of their pathology *!%. Although injection of IL-38, an IL-
36R antagonist, inhibits skin and kidney lesions in MRL/lpr mice, IL-38 can bind to other
receptors, including IL-1R and IL-IR accessory protein-like 1 (IL-IRAPL1) #49. Thus, it
remains unclear whether IL-36R deficiency affects systemic immune abnormality followed by
the development and progression of nephritis.

In the local immunity, tertiary lymphoid structures, which develop under chronic
inflammation, contribute to renal pathology. They are formed in the renal parenchyma and are
involved in the progression of nephritis including an increase in IL-36a" injured renal tubules
2LTL109.10.17.13D) previous studies using MRL/Ipr mice revealed that autoimmunity also induces
the development of tertiary lymphoid structures in the kidneys, UTALSs beneath the urothelium,
and perivascular tertiary lymphoid structures in the surrounding arteries %9, Regardless of IL-
36R ligand expression in several lymphoid organs, including bone marrow and spleen '), a
relation between IL-36R signaling and local tertiary lymphoid structures in kidneys have not been
revealed.

In this chapter, the author examined alterations in the immunological status and renal
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phenotypes, especially the renal epithelial cell injuries, in IL-36R deficient MRL/lpr mice. Lack
of IL-36R signaling partially ameliorated the glomerular and tubulointerstitial lesions without
expression changes of IL-36R ligands. Moreover, the collective findings support the possibility
of IL-36R-independent IL-36a signaling pathway.
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Materials and Methods
Research ethics

All animal experimentation was approved by the Institutional Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Hokkaido University (approved by the
Association for Assessment and Accreditation of Laboratory Animal Care International, approval
No. 16-0124, 20-0012, 21-0008).

IL-36R-KO mice

Two single-guide RNA designed for the target sequences (5'-3") and Cas9 mRNA were
prepared as described previously *>. An single-guide RNA expression vector for target sequence
with a T7 promoter was chemically synthesized (Operon Biotechnologies, Tokyo, Japan), and
transcribed in vitro using the MEGAshortscript Kit (#AM1354; Life Technologies, Carlsbad, CA,
USA). hCas9 mRNA was synthesized using the mMESSAGE mMACHINE T7 Kit (#AM1344;
Life Technologies) and polyadenylated with a Poly(A) Tailing Kit (#AM1350; Life Technologies).
Purified 2Cas9 mRNAs at 100 ng/mL and each single-guide RNA at 50 ng/mL targeting exon 3
for I/1r12 (encoding IL-36R) were co-injected into the cytoplasm of pronuclear stage eggs from
CS57BL/6N (B6; Japan SLC, Inc.). The eggs were transferred into the oviduct of pseudopregnant
ICR (Japan SLC, Inc.) female mice. The target sequences containing protospacer adjacent motif
(PAM) sequences for intron 2 and intron 3 of [l/rl2 gene were as follows: 5°-
TCTAAATGACTGGGCTAGTTTGG-3* ; 5- CAGGGCAGCCTTGAACTGGCAGG-3’,
respectively. Founders were genotyped using primer pairs spanning the CRISPR/Cas9 cleaved
site. The //1rI2 mutation was confirmed by sequencing. To minimize the risk of off-target effects,
the resulting founder mouse was backcrossed with B6 mice for more than two generations. The
progeny were crossed with MRL/lpr mice for six generations. Homozygous IL-36R-KO and wild-
type (WT) of MRL/Ipr mice were used in this study. The genotype of the obtained littermates was
confirmed by genotyping PCR analysis using primers specific for the //7r/2 mutation (Table 2-1).
Six-month-old male and female IL-36R-KO and WT mice were used and were maintained under
the conditions as described in chapter 1.

Anesthesia, urine and blood collection, and S/B ratio calculation were performed as

described in chapter 1.

Cell culture

Spleens were isolated from WT or IL-36R-KO mice and minced in culture dishes. Ten
milliliters of 1x PBS- (#164-25511; FUJIFILM Wako Pure Chemical Corporation) was added,
the sample was filtered using 100-pm cell strainers (#352360; Corning Inc., Corning, NY, USA),

and centrifuged at 200 g for 5 min. Following aspiration of the supernatant, the cells were
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resuspended, incubated with 10 mL 0.017 M Tris buffer containing 0.75% ammonium chloride
(pH 7.65) for 5 min, and washed with 10 mL PBS. This solution was filtered using 40-um cell
strainers (#352340; Corning Inc.) and centrifuged at 200 g for 5 min. After washing twice with
PBS, the collected cells were resuspended in antibiotic-free, L-glutamine-containing RPMI 1640
(#189-02025; FUJIFILM Wako Pure Chemical Corporation) and harvested in 12-well culture
plates (#92424; Techno Plastic Products, Trasadingen, Switzerland).

The cells were stimulated with recombinant mouse IL-36a (#7059-ML-010; R&D System:s,
Minneapolis, MN, USA) at 0, 20, and 200 ng/mL in PBS. After incubation at 37 °C for 5 h, the

culture medium and cells were collected for RNA analysis.

Serological analysis and urinalysis
Serum levels of dsDNA antibody, serum concentration of Cr, BUN and uACR were

measured as performed in chapter 1.

Histopathology

Kidneys were fixed overnight in 10% NBF at room temperature or 4% paraformaldehyde at
4 °C. The specimens were dehydrated using ethanol and embedded in paraffin. Paraffin sections
(2-pm thick) were fixed with 10% NBF and stained with PAS-H or picrosirius red to analyze renal
histopathology.

IHC and/or IF analyses for IBA-1, CD3, IL-36a, IL-38, acetylated lysine (Ac-lysine), and
general control non-depressible 5 (GCNS) were performed to detect macrophages, T cells, injured
distal tubules, IL-36 subfamily associated plasma cells, acetylated histone, and acetyl transferase
in nuclei. IHC and IF were performed as done in Chapter 1. Details of the antibodies, antigen
retrieval, and blocking are listed in Table 1-1 and 2-2.

All specimens were randomly analyzed. IL-36a" tubules and renal corpuscles, IL-38" cells
in tubulointerstitium, the number of nuclei in the glomerulus, size, and area ratio of PAS*
mesangium to glomerulus, infiltrated IBA-1" macrophages and CD3" T cells in tubulointerstitium,
were measured as done in Chapter 1. For picrosirius red staining, the positive fiber area was
measured in more than 10 tubulointertstitial areas in the cortex and outer medulla at 200x

magnification using a BZ-X analyzer and the positive area ratio was calculated.

qPCR
gPCR analysis was performed as done in Chapter 1 by using gene-specific primers (Table 1-
2 and 2-1). The data were normalized according to the values of Actb, and those of female WT

mice using the delta-delta Ct method.
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Statistical analyses

The results are expressed as the mean + SE and statistically analyzed in a non-parametric
manner. The significance between the two groups was analyzed using the Mann-Whitney U-test
(P < 0.05). The correlation between the two parameters was analyzed using Spearman’s
correlation test (P < 0.05).
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Results
No altered systemic autoimmunity in IL-36R-KO mice

The author established IL-36R-KO mice on a spontaneous nephritis model mouse, MRL/lpr
background (Fig. 2-1A and B). In WT mice, the mRNA level of ///rI2, which encodes IL-36R,
was higher in the kidneys of female mice than in those of male mice (Fig. 2-1B). To clarify the
deficiency of IL-36R signaling, spleen cells derived from WT and IL-36R-KO male mice were
stimulated with IL-36a, and Cxc/2, the downstream molecule, was analyzed . Following IL-
36a stimulation at 200 ng/mL, Cxc/2 levels in spleen cells from IL-36R-KO mice were
significantly lower than those in WT mice (Fig. 2-1C). Thus, the author confirmed a lack of IL-
36R function in the mice.

Previous studies in addition to the results shown in Chapter 1 have revealed that IL-36R
ligands are expressed in immune cells, such as plasma cells and T cells, under hyperimmune
reactivity ', Thus, systemic autoimmune conditions were presently examined in MRL/Ipr mice
according to IL-36R deficiency. Both sexes of IL-36R-KO mice showed no difference compared
with WT mice in the indices of S/B ratio and serum anti-dsDNA antibody level. However, anti-
dsDNA antibody levels in female WT mice were significantly higher than those in male mice (Fig.
2-1D and E). Therefore, IL-36R dysfunction did not affect systemic autoimmune abnormalities
in the MRL/Ipr mice.

No altered IL-36R ligand expression in the kidneys of IL-36R-KO mice

To clarify whether IL-36R ligand expression is affected by IL-36R deficiency, the author
examined the mRNA levels of IL-36R ligands in the kidneys using qPCR analysis. There was no
difference between IL-36R-KO and WT mice or between sexes (Fig. 2-2A). As show in Chapter
1, the author revealed that IL-36a and IL-38, which are agonists and antagonists of IL-36R,
respectively, are overexpressed in the kidneys of MRL/Ipr mice with the nephritis progression.
Thus, those protein localization and levels were also analyzed by IHC. IL-36a was localized in
the cytoplasm and nuclei of distal tubular epithelial cells with dilated tubular lumen and/or urinary
cast. IL-36a was also found in parietal epithelial cells, especially in male mice (Fig. 2-2B).
Importantly, the localization of IL-36a" reactions in these cells was not altered by IL-36R
deficiency. Furthermore, IL-38" plasma cells were observed in tubulointerstitium (Fig. 2-2C). The
histological scores showed that IL-36a expression in renal corpuscles was higher in male mice
than in female mice with or without IL-36R deficiency. The IL-36a" renal corpuscle ratio, number
of IL-360" renal tubules, and IL-38" cells in tubulointerstitium were comparable between WT and
IL-36R-KO mice (Fig. 2-2D-F). Thus, the lack of IL-36R signaling did not alter the expression
of IL-36R ligands in mouse kidneys with the nephritis.
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Ameliorated glomerular lesions in IL-36R-KO mice

Next, the author examined the renal function using serological analysis and urinalysis. BUN,
Cr, and uACR levels were comparable among all groups, although some female WT mice showed
high values (Fig. 2-3A-C).

The author also analyzed glomerular histopathology in IL-36R-KO mice. All groups
manifested glomerular hypercellularity, hypertrophy, and mesangial matrix expansion (Fig. 2-3-
D). In terms of histopathological scores, glomerular size tended to be larger in male mice than in
female mice, although there was no difference in size between WT and IL-36R-KO mice (Fig. 2-
3E). In terms of the number of nuclei in the glomerulus and the area ratio of mesangium to
glomerulus, male and female IL-36R-KO mice showed less tendency compared with WT mice of
the same sex. Moreover, there were significant differences in the nuclei number of female and in
the mesangial area of both sexes (Fig. 2-3F and G). The findings indicate that IL-36R deficiency

ameliorated histopathological glomerular injury.

Partially inhibited tubulointerstitial fibrosis in IL-36R-KO mice

The author also evaluated tubulointerstitial lesions histopathologically. All groups showed
cell infiltration into the tubulointerstitium with the development of tertiary lymphoid structures,
such as perivascular tertiary lymphoid structures and UTALSs under the urothelium. These
observations were comparable among the groups (Fig. 2-4A). Furthermore, IL-38" cells were also
localized in tertiary lymphoid structures, although there was no significance in their expression
(Fig. 2-4B). IBA-1" macrophages and CD3" T cells, which are involved in tubulointerstitial
lesions with IL-36R ligands, were also evaluated. Both immune cells located in the
tubulointerstitium and surrounding renal corpuscles and IBA-1" macrophages were more
abundant than CD3" T cells (Fig. 2-4C and D). These numbers were comparable between WT and
IL-36R-KO mice, independent of sex (Fig. 2-4E and F). Correlation analysis showed that the
number of IL-36a" renal tubules in WT mice was positively correlated with the scores of CD3"
T cells (p =0.770, P < 0.01) and IBA-1" macrophages (p = 0.624, P =0.052). However, IL-36R-
KO mice did not show any correlation (Table 2-3), indicating that cell infiltration was not affected
by IL-36a in IL-36R-KO mice.

Picrosirius red staining was performed to evaluate tubulointerstitial fibrosis. All groups
featured more collagen fibers in the outer medulla than in the cortex (Fig. 2-5A). The histological
scores in the outer medulla, but not the cortex, were significantly lower in female IL-36R-KO
mice than in WT mice. However, there was no difference between the other groups (Fig. 2-5B).
The mRNA levels of cytokines associated with inflammation and/or fibrosis were also examined.
Only 7110 levels in both female mice were significantly higher than those in male mice, while that

in female IL-36R-KO mice was significantly downregulated compared with that in WT mice (Fig.
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2-5C).

IL-360 translocation into the nuclei of renal epithelial cells independent of IL-36R

The author focused on IL-36a expression, which showed localization in the cytoplasm and
nuclei of renal epithelial cells regardless of IL-36R expression (Fig. 2-2B). IL-1a, an IL-1 family
member, functions in the nucleus as a transcriptional factor by lysine acetylation, but not through
IL-1R, inducing IL-6 and IL-8 °®. Thus, the author hypothesized that histones are acetylated in
IL-360" nuclei. In the kidneys with severe nephritis, Ac-lysine was mainly expressed in distal
tubular and parietal epithelial cells, as well as myeloid cells. The positive nuclei were more
abundant than in mild nephritis (Fig. 2-6A). In both WT and IL-36R-KO mice, Ac-lysine was
localized in both IL-36a positive and negative nuclei. However, most IL-360." nuclei co-expressed
Ac-lysine (Fig. 2-6B). Moreover, the expression of lysine acetyltransferase 2A (also known as
GCNS), which is a histone acetyltransferase and an IL-la counterpart in the nuclei, was
histologically examined. Both IL-36a and GCNS5 were detected in the nuclei of distal tubular
epithelial cells and were partially co-localized (Fig. 2-6C), indicating that histones were

acetylated in nuclei expressing [L-36a.
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Discussion

The present study clarified the prevention of IL-36R signaling pathway-modified renal
epithelial cell injuries in spontaneous nephritis-prone MRL/Ipr mice. IL-36R deficiency did not
affect renal function, systemic autoimmune diseases, or local tertiary lymphoid structure
formation in the mice. However, the histopathology of the nephritis, including glomerular and
tubulointerstitial lesions, was partially ameliorated in IL-36R-KO mice. Moreover, 1L-36a
localized in the nuclei of renal epithelial cells was associated with histone acetylation.

In systemic autoimmune diseases, autoantibodies form immune complexes, which are
deposited in the glomeruli, leading to glomerulonephritis. Moreover, the author have reported that
systemic autoimmune abnormalities in MRL/lpr mice are one of the causes of the development
of UTALSs and perivascular tertiary lymphoid structures in the kidneys, which are also formed
in humans with CKD 38319 Some IL-36R ligands are expressed in immune cells, such as B
cells, T cells, and monocytes, and are involved in immunological functions in healthy and disease
conditions 92, Dendritic cells and CD4" T cells in primary and secondary lymphoid tissues, such
as the bone marrow and spleen, express IL-36R ligands contribute to cell maturation and

123) In clinical

activation, leading to the production of IL-1f and IL-6 proinflammatory cytokines
cases, it has been reported that SLE severity in human patients is positively correlated with serum
levels of IL-36a and IL-36y '9. However, in the present study, the author did not find any
alteration in the systemic or local immune condition due to IL-36R deficiency, except for a
decrease in /10 levels in the kidneys of female IL-36R-KO mice. IL-10, a major
immunosuppressive cytokine, has various functions in the pathogenesis of autoimmune disease-
mediated nephritis. IL-10-KO MRL/lpr mice exhaust skin lesions and glomerulonephritis, while
CD4" helper T cell-producing IL-10 induces autoantibody production, leading to pathogenesis
2LI07.138) Fyrther investigations are needed to elucidate the contribution of IL-36R signaling to IL-
10 function in the nephritis development and progression. In contrast, major inflammatory
cytokines, such as IL-1, IL-6, and IFN-y, which are abundantly produced under hyper-immuno-
activating conditions, such as autoimmune disease, are comparable in the kidneys between
genotypes 224161193 Thyg, TL-36R deficiency in MRL/Ipr mice might not have crucial effects on
immune reactivity because of hyperactivation of another immunological pathway in this strain.
Lack of IL-36R signaling also did not affect the gene and protein expression levels of IL-
36R ligands, including IL-36a and IL-38, which were major molecules associated with
pathological progression in mouse kidneys with autoimmune disease-mediated nephritis as shown
in Chapter 1. However, glomerular and tubulointerstitial lesions were partially ameliorated in IL-
36R-KO mice. IL-36a was localized in injured distal tubular and parietal epithelial cells in
kidneys with the nephritis. A previous in vitro experiment revealed that lipopolysaccharide, a toll-

like receptor ligand, induces IL-36a expression in distal tubular epithelial cells *¥. Furthermore,

51



IL-36a is associated with activation of the nucleotide-binding oligomerization domain-like
receptor family pyrin domain containing 3 (NLRP3) inflammasome and IL-23/IL-17 signaling to
facilitate inflammation and fibrosis 2. IL-36R-KO mice with UUO display inhibited activation
of the NLRP3 inflammasome and decreased infiltration of macrophages and T cells ?®. Moreover,
tubular necrosis, apoptosis, and renal function, including BUN and serum Cr levels, were
ameliorated in the AKI model of IL-36R-KO mice with IRT *¥.

In this study, infiltration of CD3" cells and IBA-1" macrophages into tubulointerstitium was
not altered by IL-36R deficiency. However, the number of IL-36a" tubules was positively
correlated with cell infiltration in WT mice, but not in [L-36R-KO mice, indicating that alternative
inflammatory cytokines might contribute to inflammation in IL-36R-KO mice. Tubulointerstitial
fibrosis was also ameliorated in female IL-36R-KO mice, but not in male mice, compared with
fibrosis in WT mice. Moreover, both sexes of IL-36R-KO mice showed inhibition of mesangial
matrix expansion, although male mice showed abundant IL-360" parietal epithelial cells
compared with female mice. As one pathological mechanism, podocyte injuries cause renal UEB
disruption with glomerular sclerosis; the study in Chapter 1 revealed that IL-36a" parietal
epithelial cells co-express CD44, a marker of activated parietal epithelial cells, during
proliferation and migration to the glomerulus in response to podocyte injury . The pathology
of autoimmune disease-mediated nephritis is formed by autoimmune reactivity, chronic tissue
inflammation, and pathological response of kidney composing cells. In humans, females tend to
develop SLE more easily than males; however, it is reported that the male patients show more
severe pathology including typical skin lesions, serositis, and nephritis 7+'1%13%_Tn MRL/Ipr mice,
the sex differences are still controversial. Some studies have reported that females present more
sever nephritis with more autoantibody production °!'® while another ones have showed that

there is no significance between sexes in the disease severity 38120

. In the present study, although
female WT possessed higher level of autoantibody production compared with that in male, the
renal lesions were comparable between sexes, indicating that autoantibody level, an index for
SLE development, is not always correlated with LN severity. Moreover, the author found that
expression of ///r/2 coding IL-36R was higher in the kidney of female WT than that of male. Sex-
related mechanism regulating IL-36R expression is still unclear; however, downstream signaling
in IL-36R" cells might be more strongly affected in female than male. Interestingly, distal tubular
and parietal epithelial cells express IL-36R as well as estrogen and androgen receptors in rodents
12.39.6697) Therefore, the sex differences shown in the present study might be affected by sex-
related molecules regulating IL-36R expression in renal epithelial cells, although further analysis
is needed to elucidate the relations between IL-36R signaling and sex hormones in kidneys.

As shown in Chapter 1, plasma cells overexpressed IL-38 in MRL/Ipr cells with the

progression of renal lesions. In this chapter, IL-38 expression did not change with IL-36R
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expression. IL-38 injection in MRL/Ipr mice was reported to ameliorate pathological severity,
including skin and kidney lesions ?*, while IL-38 deficiency exacerbated renal pathology with an
increase in autoantibody production '*3. Both IL-36Ra and IL-38 bind to IL-36R and cannot
recruit IL-1R accessory protein; however, IL-38 can bind to other receptors, IL-1R and IL-
IRAPL1 #1320, The affinity of IL-38 to IL-1R, whose agonists are IL-1a and IL-1B, is lower than
that of IL-1Ra. Yet, IL-38 can prevent the formation of IL-1R with the co-receptor, similar to IL-
1Ra 949 Another IL-38 receptor, IL-IRAPLI1, is expressed mainly in the brain, heart, and skin
1 In vitro experiments revealed that this receptor is overexpressed in human macrophages
cultured in a medium with apoptotic conditions, and that IL-38 produced in apoptotic cells
antagonizes the IL-1RAPLI signaling pathway °°. In the present study, IL-38" plasma cells, one
of the cells comprising perivascular tertiary lymphoid structures and UTALSs, were comparable
between WT and IL-36R-KO mice. These cells participate in antigen presentation, antibody
production, and lymphocyte activation, contributing to the progression of renal lesions 3485119,
Although the author did not detect IL-38 modifications in renal phenotypes of IL-36R deficient
MRL/Ipr mice, a lack of IL-36R signaling might be associated with immunological responses via
IL-38. Further experiments are needed to clarify whether IL-38 signaling, and not IL-36R, has a
positive or negative effect on the nephritis pathology.

Interestingly, IL-36a was localized in the nuclei and cytoplasm of parietal and distal tubular
epithelial cells. Similarly, a few IL-1 family members, such as IL-33 and IL-10a, also localize to
the nucleus 2%, At steady state, IL-33 localizes to the nuclei of fibroblasts, endothelial cells, and
epithelial cells in the lungs and skin. Importantly, cell injury or necrosis triggers 1L-33 secretion
from nuclei, which acts as a damage-associated molecular pattern at the early stage of
inflammation *¥. Moreover, IL-33 binds to histones and chromatin in nuclei, although its function
remains unclear . Similar to IL-33, IL-1a can be translocated from the cytoplasm to the nucleus
by HS-1-associated protein X-1, which binds to pro- and truncated IL-10, ®>°%. IL-10 localizes to
the nucleus and interacts with the p300, p300/CBP-associated factor, and GCNS, histone
acetyltransferases, leading to the upregulation of inflammatory cytokines, such as IL-6 and IL-8,
independent of IL-1R ?®. Although the IL-36a counterpart in the nuclei of renal epithelial cells
was unclear, the author found that IL-36a was partially localized in nuclei with Ac-lysine. Some
IL-36a" nuclei co-localized with GCNS. These findings indicate that IL-36a signaling may
contribute to the development of tubular injury through the IL-36R-independent pathway.

Studies on psoriasis showing immune mediated inflammatory skin condition have revealed
that IL-360, IL-368, IL-36y and IL-36Ra are upregulated, and is being developed as a target for
the treatment %2, In the kidneys, IL-36a is also expressed in parietal and distal tubular epithelial
cells of human patients with CKD and AKI as well as the mouse models 2. Moreover, Chapter

1 reveled that IL-36R gene localized to those cells in cat kidneys consistent with the localization
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of IL-36R and IL-36a in the mouse kidneys, indicating that IL-36R ligands may be novel targets
for the treatment and diagnosis of renal diseases showing lesions of distal tubular or parietal
epithelial cells.

In conclusion, this chapter demonstrate that deficiency of IL-36R signaling partially
inhibited the progression of renal histopathological injuries in autoimmune disease-mediated
nephritis model mice but did not improve renal function and immunological condition. Although
the pathogenetic role of IL-36a was partially blocked, the obtained data suggests that nuclei
expressing IL-36a in renal epithelial cells may play a role in the progression of renal injuries.
Furthermore, IL-36R deficiency did not prevent IL-38 signaling through another receptor pathway.
The findings might support the novel insight that IL-36R ligands participate in the pathogenesis
of autoimmune disease-mediated nephritis with IL-36a-dominant renal epithelial cell injuries that

is dependent or independent of IL-36R.
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Summary

Chapter 1 demonstrated that IL-36R ligands ectopically expressed in renal epithelial cells
and mesenchymal cells contribute to the glomerular and tubulointerstitial lesions with
morphological alteration of renal epithelial cells in MRL/Ipr mice for a spontaneous nephritis
model. In this chapter, the author established and analyzed IL-36R deficient MRL/Ipr mice,
compared to WT mice, to examine whether IL-36R-KO mice show amelioration of renal
phenotypes. In both genotypes, indices for immune abnormalities and renal functions were
comparable, although female WT mice showed higher serum autoantibody levels than males. IL-
36R ligand expression did not differ significantly between genotypes at the mRNA level or in IL-
360 and IL-38 scores. However, glomerular lesions, especially mesangial matrix expansion, were
significantly ameliorated in both sexes of IL-36R-KO mice compared to WT mice. Cell
infiltration into the tubulointerstitium with the development of tertiary lymphoid structures was
comparable between genotypes. However, the positive correlation with IL-36a score in WT mice
was not evident in IL-36R-KO mice. Fibrosis surrounding renal tubules was less in female IL-
36R-KO mice than in WT mice. Importantly, some IL-36a" nuclei in renal epithelial cells co-
localized with Ac-lysine and GCNS histone acetyltransferase, in both genotypes. Therefore, IL-
36R ligands, especially IL-36a in renal epithelial cells, contribute to the progression of renal
pathology showing renal epithelial cell injuries in the nephritis via IL-36R dependent and
independent pathways.
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Table 2-1. List of primers used in this study

Gene symbol (Gene ID)

Primer sequence (5'-3") F: Forward, R: Reverse

Product size (bp)

Ifng (15978) F: CCTTTGGACCCTCTGACTTG R: TTCCACATCTATGCCACTTGAG 201
1110 (16153) F: GCATTTGAATTCCCTGGGTGAG R: TTGTAGACACCTTGGTCTTGGAG 147
116 (16193) F: CAACGATGATGCACTTGCAGA R: GGTACTCCAGAAGACCAGAGGA 112
Tgfbl (21803) F: ATGCTAAAGAGGTCACCCGC R: TGCTTCCCGAATGTCTGACG 119
Tnf (21926) F: TCTTCTCATTCCTGCTTGTGGC R: CATAGAACTGATGAGAGGGAGGC 119
Primers sequence for genotyping (5’-3") F: Forward, R: Reverse
111r12 (wild type) F: GACAGAGACTAAGGGCAGAAGAG R: GTCTGGTCCTGGTGAACTCTAAG 468
111r12 (knockout type) F: GCATCCTTTGTCATTCATCTCCG R: CGGAAATGGCAGCAATCTCATT 534
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Table 2-2. List of antibodies used in this study

. . o Antigen Blocking serum
Primary antibody Host Dilution Source )
retrieval IHC IF
Acetylated lysine Rabbit 1:2,000  Cell Signaling Technology, Danvers, MA, USA  None 10% NGS 5% NDS
GCN5 Rabbit 1:400 Cell Signaling Technology Tris 10% NGS -

Tris:20 mM Tris-HCI buffer (pH 9.0) at 110 °C for 15 min; NDS, normal donkey serum; NGS, normal goat serum
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Table 2-3. Correlation between number of IL-36a" tubules and cell infiltration score

IL-36R CD3* T cells IBAL1* macrophages
0.770** 0.624
WT
IL-360* P <0.01 0.052
tubules p 0.173 -0.036
KO
P 0.612 0.915

n>10; p: Spearman’s correlation coefficient (**P < 0.01). WT: wild type, KO: knockout.
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Fig. 2-1 Establishment of IL-36R-KO nephritis model mouse with systemic autoimmune
condition.

(A) Genomic stricture of ///7]2 coding IL-36R. A part of exon 3 is deleted using the CRISPR/Cas9
system to generate IL-36R-KO mice. The deleted region in IL-36R-KO allele is indicated red dashed-
line box. (B) Relative mRNA expression of ///r/2 in mouse kidneys. The expression levels are
normalized to the values of Actb and those of female WT mice. Each bar represents mean + SE (n >
5). * indicates a significant difference in IL-36R-KO mice compared with WT one of same sex (*P <
0.05). # indicates a significant difference in female mice compared with male one of same genotype
(#P < 0.05). Mann-Whitney U-test, qPCR analysis. (C) Relative mRNA expression of Cxc/2 in spleen
cells stimulated by IL-36a (0-200 ng/mL). The expression levels are normalized to the values of Actb
and those of WT with IL-36a at 0 ng/mL. Each bar represents mean + SE (n > 5). * indicates a
significant difference in IL-36R-KO mice compared with WT one of same sex (*P < 0.05). Mann-
Whitney U-test, qPCR analysis. (D and E) S/B ratio (panel d) and serum level of anti-ds DNA
antibody (panel e). Each bar represents mean + SE (n > 5). # indicates a significant difference in female
mice compared with male one of same genotype (#P < 0.05). Mann-Whitney U-test. KO: knockout,
WT: wild-type, S/B ratio: the weight ratio of spleen to body.
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Fig. 2-2 TL-36R ligand expression in kidneys of IL-36R-KO nephritis model mice.

(A) Relative mRNA expression of IL-36R ligands in mice kidneys. The expression levels are
normalized to the values of Actb and those of female WT mice. Each bar represents mean + SE (n >
5). qPCR analysis. (B and C) Localization of IL-36a and IL-38 in mouse kidneys. In both WT and IL-
36R-KO mice, IL-36a is observed in cytoplasm and nuclei of distal tubular epithelial cells
(arrowheads) and parietal epithelial cells (arrows). The latter cells in male mice express more 1L-36a
compared with female cells. However, no difference in the localization and the positive cell number
is evident between them (panel B). IL-38 is found in the cells localizing to tubulointerstitium
(arrowheads), although the positive cell number is comparable between WT and IL-36R-KO mice
(panel C). IHC. Bars = 100 um. (D-F) Percentage of the number of IL-36a" renal corpuscles to that
of total ones (panel D), number of IL-360" renal tubules (panel ¢), and number of IL-38" cells in the
tubulointerstitium (panel F). Each bar represents mean & SE (n > 5). # indicates a significant difference
in female mice compared with male one of same genotype (#P < 0.05). Mann-Whitney U-test. F:

female, M: male, KO: knockout, WT: wild-type, RC: renal corpuscle, Ti: tubluolinterstitium.
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Fig. 2-3 Renal functions and glomerular lesions in IL-36R-KO nephritis model mice.

(A-C) The level of BUN (panel A), serum Cr (panel B), and uACR (panel C). Each bar represents
mean = SE (n > 5). (D) PAS-H staining images of the glomeruli. Glomerular hypercellularity and
hypertrophy as well as mesangial matrix expansion are observed in all groups, and are more severe in
both sexes of WT mice than in the same sex of IL-36R-KO mice. Bars = 50 pm. (E-G) Glomerular
size (panel E), number of nuclei in a glomerulus (panel F), and area percentage of mesangium to
glomerulus (panel G). Each bar represents mean + SE (n > 5). * indicates a significant difference in
IL-36R-KO mice compared with WT ones of same sex (*P < 0.05). # indicates a significant difference
in female mice compared with male one of same genotype (#P < 0.05). Mann-Whitney U-test. KO:
knockout, WT: wild-type, BUN: blood urea nitrogen, Cr: creatinine, uACR: urinary albumin to

creatinine ratio, PAS-H: periodic acid Schiff-hematoxylin, Glo: glomerulus.
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Fig. 2-4 Immune cells in tubulointerstitium of IL-36R-KO nephritis model mouse.

(A) PAS-H staining images of tertiary lymphoid structures in the kidneys. In all groups, perivascular
tertiary lymphoid structures and UTALSs are observed close to arteries and urothelium, respectively.
Bars = 100 pm. (B) Representative IHC images of 1L-38 in the tertiary lymphoid structures of the
kidneys. In both female WT and IL-36R-KO mice, IL-38" cells are observed in UTALSs and
perivascular tertiary lymphoid structure. Bars = 100 um. (C and D) Localization of IBA-1*
macrophages and CD3" T cells in kidneys. Both positive cells (arrowheads) are clearly observed in
tubulointerstitium and glomeruli of all groups; especially, IBA-1" cells are abundant. (E and F) The
number of IBA-17 (panel D) and CD3" (panel E) cells in the tubulointerstitium (Ti). Each bar
represents mean £+ SE (n>5). KO: knockout, WT: wild-type, PAS-H: periodic acid Schiff-hematoxylin,
PvTLS: perivascular tertiary lymphoid structure, UTALS: urinary tract associated lymphoid structure,

Lu: lumen of renal pelvis, V: vein, A: artery.
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Fig. 2-5 Tubulointerstitial fibrosis and cytokine expression in kidneys of IL-36R-KO nephritis
model mouse.

(A) Picrosirius red staining images of the kidneys. In all groups, picrosirius red* collagen fibers are
more abundant in tubuloinrterstitium of outer medulla compared with that of cortex. Especially, female
WT mice show abundant fibers. Bars = 100 pm. (B) Percentage of picrosirius red” fibrosis area in
tubulointerstitium of cortex and outer medulla. Each bar represents mean + SE (n > 5). * indicates a
significant difference in IL-36R-KO mice compared with WT ones of same sex (*P < 0.05). Mann-
Whitney U-test. (C) Relative mRNA expression of representative cytokines in the mouse kidneys. The
expression levels are normalized to the values of Actb and those of female WT. Each bar represents
mean = SE (n > 5). qPCR analysis. * indicates a significant difference in IL-36R-KO mice compared
with WT ones of same sex (*P < 0.05). # indicates a significant difference in female mice compared
with male one of same genotype (#P < 0.05). Mann-Whitney U-test. KO: knockout, WT: wild-type,

PSR: picrosirius red, OM: outer medulla, Co: cortex, Ti: tubulointerstitium, F: female, M: male.
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Fig. 2-6 Localization of Ac-lysine in IL-36a" nuclei in kidneys of IL-36R-KO nephritis model
mice.

(A) Representative THC images for Ac-lysine in female WT mice. Ac-lysine® nuclei (arrowheads) are
observed in parietal epithelial cells, proximal and distal tubular epithelial cells, and myeloid cells. The
number is abundant in the kidneys showing severe nephritis. Bars = 100 um. (B) Representative IF
images for Ac-lysine with IL-36a. In IL-36a" distal tubules of both WT and IL-36R-KO mice, Ac-
lysine is found in IL-360-positive and negative nuclei (yellow and white arrowhead, respectively). In
the cells with TL-36a" cytoplasm, IL-36a- Ac-lysine™ nuclei are observed (arrows). These expression
manners are comparable between WT and IL-36R-KO mice. Bars = 25 um. (C) Representative serial
sections followed by IHC for IL-36a and GCNS in female IL-36R-KO mice. GCNS is found in some
of IL-360" nuclei (arrowheads). Dotted lines indicate same distal tubule. Bars = 25 pum. Ac-lysine:

acetylated lysine, KO: knockout, WT: wild-type.
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Chapter 3
Ectopically expressed collagen 17A1 regulates urothelial integrity

and local immunological responses in obstructive uropathy
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Introduction

Chapter 1 and 2 revealed the pathological role of IL-36R ligands in the renal epithelial cell-
associated renal injuries; however, injuries of urothelial cells covering lumen of lower organs
from the kidneys also induce UEB disruption, leading to the development of urinary system
disorders including kidneys. The urothelium has stretchable and impermeable characteristics to
accommodate a large change of urine amount, and functions as a protective barrier against urine.
It is derived from intermediate mesoderm and endoderm; the former develops into renal pelvis
and ureter, while the latter does into urinary bladder and urethra. Histologically, urothelium has a
variable number of cell layers dependent on urine amount, and is stratified into three distinct
layers; superficial-, intermediate-, and basal-cell layers. However, all urothelial cells attach to the
basement membrane 312, The urothelial injuries are caused by infections and urinary stasis,
pathologically showing exfoliating superficial urothelial cells in addition to neutrophil and
macrophage infiltration 213D, Importantly, multiple studies indicate that urothelial cells have
rapidly regenerative response to the injury, and those at the basal layers predominantly proliferate
33.91,113,125)

Recently, it is revealed that urine is involved in the development of UTALSs under
urothelium in an inducible manner by stimulating the production of cytokines and chemokines in
immune and stromal cells of renal pelvis . UTALS development is also affected by aging and
systemic immune conditions and is positively correlated with the progression of renal lesions.
The renal pelvis urothelium that covers UTALSs of mice and humans with chronic nephritis,
COL17A1 (known as BP180) was ectopically expressed. In the skin, COL17A1 is known as a
transmembrane structural component for hemidesmosomes and is constitutively expressed in
keratinocytes to attach the epidermis to the basement membrane. While it can be an autoantigen
for bullous pemphigoid '*", previous results have indicated that COL17A1 in the renal pelvis is
induced via the Fos/ Jun proto-oncogene, activator protein 1 (AP-1) transcription factor subunit
(FOS/JUN)-related pathway and plays a role in UTALS development by stimulating the
production of IL-6, IL-22, and CXCL9 from UTALS-forming cells >¥.

Previous studies focused on the UEB disruption in renal pelvis during chronic nephritis,
while urothelium injuries are commonly observed in several diseases due to urinary stasis,
including obstructive nephropathy '*. The obstruction of urinary tracts is caused by anatomical
defects, urolithiasis, bacterial infections, cystitis, as well as neoplasia *?. A previous study
reported UEB disruption in the renal pelvis of mice and humans with chronic nephritis and urine
leakage from the renal pelvis lumen into the parenchyma of this murine model *¥. Disorders of
the upper urinary tract including the renal pelvis and ureters can lead to various degrees of
hydronephrosis '*”. The prevalence of urolithiasis in humans is increasing worldwide with a range

from 1-13% depending on obstructive positions !>, Moreover, urinary bladder cancer is ranked
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in the top ten forms of cancer worldwide, with a higher frequency in males than in females, thus
making urinary bladder cancer, the sixth most common form of cancer in males '). In neonates
and infants, the ureteropelvic junction can be a major obstruction site in the urinary tract due to
the characteristic anatomical abnormality. It has been reported that 1 in 1,500 live births exhibit
the obstruction *?. In veterinary fields, especially cats, 15-23% of the lower urinary tract diseases
are caused by urolithiasis *®, and 73% of the patients with CKD show urolithiasis °?. Thus, renal
disfunctions are developed underlying several pathogeneses. A few studies have shown that
injured urothelium is characterized by cell proliferation, flattening cell-shape, and broken tight
junctions *#%Y. However, no report clearly indicates the characteristics of UEB disruption in
urinary tracts, the subsequent pathological events, and the crucial molecules in the urinary tract
obstruction-related diseases, with a special focus on the role of urine.

In this chapter, the author clarified the relationship between UEB disruption-induced leakage
of urine and local immune response with the unique role of COL17A1 by analyzing the renal
pelvis and ureters of UUO-injured mice. Importantly, COL17A]1 ectopic expression in urothelium
was also clearly demonstrated in obstructed ureters of both clinical human and feline cases,

indicating its usefulness as a novel indicator for UEB disruption among various mammals.
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Materials and Methods
Ethics statement

The study of human samples was approved by the Ethics Committee of the Faculty of
Veterinary Medicine and International Institute for Zoonosis Control, Hokkaido University
(approval No. 29-5). The collection of samples from human subjects was performed in accordance
with the Declaration of Helsinki and the Declaration of Istanbul. All animal experimentation was
approved by the Institutional Animal Care and Use Committee of the Faculty of Veterinary
Medicine, Hokkaido University (approved by the Association for Assessment and Accreditation
of Laboratory Animal Care International, approval No. 21-0008 for mice, 14-0054, 20-0081 for

cats).

Human sample analysis

Ten percent NBF-fixed and paraffin-embedded normal and diseased ureters (female
Caucasian, 58 and 60-year-old, respectively) were obtained from KAC Inc. (Kyoto, Japan).
Sections were used for Masson’s trichrome staining and IHC targeting COL17A1 and CD11b.

Cat sample analysis

Normal ureters were obtained from male healthy cats euthanized in other experiments.
Diseased ureters, surgically resected from the obstructed lesion to ureter-urinary bladder junction
were collected from male and female cats manifesting obstructive urolithiasis at the Matsubara
Animal Hospital (Osaka, Japan). All ureters were fixed using 10% NBF (n = 5 in each group).
For ISH, paraffin sections (5-pm thick) were assessed using an RNAscope 2.5 HD Reagent Kit-
BROWN (Advanced Cell Diagnostics, Inc.) with custom-ordered probe-Fc-COLI7A1
(#1147271-C1).

Mouse sample preparation

Two-month-old B6 and 6-month-old MRL/+ mice were purchased from Japan SLC, Inc.,
and three-month-old Coll7a1-KO mice (B6 back ground) were maintained under the conditions
as described in Chapter 1 *>%1?®_ For B6 mice, the UUO group was assessed for 1, 4, 7, or 28
days (d) after UUO induction or its equivalent sham-operation group (Sham) was prepared (n =
4 or 5). UUO at 1d was performed in Coll7al-KO (n = 4 or 5). Bromodeoxyuridine (BrdU; 1
mg/g), a proliferation marker, was administrated into B6 mice with UUO and Sham two hours
before sample collection.

Anesthesia and blood collection were performed as done in Chapter 1.

Histopathology
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Kidneys and ureters were collected and fixed using 4% paraformaldehyde. Histological
paraffin sections (2-um thick) were stained using Masson’s trichrome and PAS-H. IHC or IF was
performed as described in Chapter 1. Information regarding immunostaining is listed in Table 1-
1 and 3-1. Stained sections were examined using a BZ-X710 microscope and converted to virtual
slides using NanoZoomer 2.0-RS.

The luminal area of the ureter was measured, and the average was calculated in five sections
from each mouse using NDP. view?2.

For the IHC sections, the relative COL17A17 area in the examined urothelium area was
measured using a BZ-X Analyzer. This measurement was performed in three regions: distal and
proximal renal pelvis, which was defined by the presence or absence of smooth muscle layers,
and ureters. Ureter lumen area was also measured. Consecutive length of COL17A1" cells were
measured from the junction between proximal and distal renal pelvis to each part. To evaluate
renal pelvis histology in Col/l7al-KO, the number of urothelial cells, cytokeratin 14 (CK14)"
urothelial cells, and CD11b" cells under the urothelium were counted in the urothelium region
frequently expressing COL17A1 (400 pm length from the renal pelvis junction to the distal part).
For tubulointerstitial lesion indices, the number of CD11b* cells in tubulointerstitum and IL-360."

injured distal tubules in the cortex area were evaluated as done in Chapter 1.

Transmission electron microscopy (TEM)

Small pieces of kidney tissues including the renal pelvis 1d after UUO were pre-fixed using
4% paraformaldehyde/0.1 M cacodylate buffer containing 2.5% glutaraldehyde for 2 h at room
temperature. The specimens were treated using the osmium-thiocarbohydrazide-osmium method.
First, samples were washed five times using 0.1M cacodylate buffer and block-stained using 1.5%
potassium ferrocyanide/2% Os04/0.1M cacodylate buffer for 1 h at 4 °C. After washing four times
in distilled water, specimens were block-stained using 1% thiocarbohydrazide solution for 20 min
at room temperature and washed again. These were post-fixed using 2% OsO4 for 30 min at room
temperature, washed again, and stained using 1% uranyl acetate overnight at 4 °C. After washing
four times in distilled water, the specimens were block-stained using 0.4% L-aspartic acid/0.66%
lead nitrate solution for 30 min at 60 °C followed by four washes with distilled water. Next,
specimens were dehydrated using a series of ethanol concentrations (30-95%) for 10 min at 4 °C.
After being dehydrated three times in 100% ethanol at 4 °C, the specimens were soaked in an
equal volume mixture of 100% ethanol and QY-1 for 10 min at room temperature, and
subsequently substituted twice in QY1 for 30 min at room temperature. Next, specimens were
soaked in an equal volume mixture of QY-1 and Epon 812 (#R1078; TAAB, Berkshire, England)
for 1 h at room temperature followed by Epon 812 only overnight at room temperature. After

exchanging resin and keeping the specimens at room temperature for 1 h, specimens were
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embedded and polymerized in fresh Epon 812 for 48 h at 60 °C. Ultrathin sections (60-nm thick)
were observed using a JEOL TEM (JEM-1400plus; LEOL, Tokyo, Japan).

Urothelium integrity analysis

The author used previously reported method with modifications 3. Firstly, UUO was
generated using a vascular clip (#KN-353-AS-1-40 g; Natsume Seisakusho, Tokyo, Japan) and
released after 1d. Evans blue (5 mg/mL; #E2129; Merck, Kenilworth, NJ, USA) was mixed with
bovine serum albumin (BSA, 40 mg/mL; #013-27054; FUJIFILM Wako Pure Chemical
Corporation), incubated for 30 min, and filtered using a 0.22 pum syringe filter to produce Evans
blue-conjugated BSA solution. The urethra of mice were ligated under combined anesthesia (0.3
mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol), and a 21 G butterfly
needle was inserted from the apex of the urinary bladder and fixed via ligation. After clamping
one ureter with vascular clips, 50 uL of Evans blue-conjugated BSA was injected into the urinary
bladder through the inserted needle. Evans blue-conjugated BSA injection into the renal pelvis
was confirmed via a color change in the other ureter. After 5 min of contact time, kidneys were
immediately collected and embedded in optimal cutting temperature compound (#4583; Sakura
Finetek Japan, Tokyo, Japan) using liquid nitrogen. Frozen sections (4-um thick) were prepared
and air dried. Lastly, the Evans blue-conjugated BSA fluorescence was observed using a BZ-

X710 microscope and the CyS5 filter (Keyence).

Cell culture

Mimic lymphoid structures were prepared as previously described®”. The spleen of a 6-
month-old male MRL/+ mouse was collected and minced in a culture dish. Next, 10 mL of 1x
PBS (#164-25511; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was added, after
which the sample was filtered using 100 pm cell strainers (#352360; Corning Inc.) and centrifuged
at 210 g for 5 min. After supernatant aspiration, cells were resuspended, incubated with 10 mL of
0.017 M tris buffer containing 0.75% ammonium chloride (pH 7.65) for 5 min, and washed with
10 mL PBS. This solution was filtered using 40 pum cell strainers (#352340; Corning Inc.) and
centrifuged at 1,000 rpm for 5 min. After washing twice with PBS, the collected cells were
resuspended in RPMI1640 with L-glutamine (#189-02025; FUJIFILM Wako Pure Chemical
Corporation) without antibiotics and harvested in 24-well culture plates (#92424; Techno Plastic
Products).

Cells were defined as mimic lymphoid structures containing immune and stromal cells.
Furthermore, some spleen cells were similarly collected without ammonium chloride treatment,
and then T, B, and CD11b" cells were separately isolated using magnetic-activated cell sorting-
based commercial kits (EasySep, #ST-19851RF, #ST-19854RF, #ST-18970RF; VERITAS, Santa
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Clara, CA, USA). The mimic lymphoid structures or separated cells were stimulated using
recombinant human COL17A1 (thCOL17A1; #MBS1265558; MyBioSource, San Diego, CA,
USA) or BSA. Endotoxin levels in thCOL17A1 were <1.0 endotoxin unit per 1.0 pg protein as
determined using a limulus amebocyte lysate test (MyBioSource). Urine was collected from six
male MRL/+ mice at 6 months of age via compressive urination, after which, samples from each
strain were pooled and centrifuged at 1,500 rpm for 5 min. The urine supernatant was filtered
using a 0.22 pm syringe filter (#SLPES2522S; Hawach Scientific, Shaanxi, China) and used for
mimic lymphoid structure stimulation. The mimic lymphoid structure or isolated cell experiments
were performed using 2.5 x 107 cells/mL and 500 puL medium/well or 1.25 x 10° cells/mL and
500 pL medium/well, respectively. The mimic lymphoid structures or separated cells were

stimulated using urine, thCOL17A1, BSA, or PBS, and they were collected for RNA analysis.

Microarray analysis

Total RNA of mimic lymphoid structures was prepared from the PBS- or MRL/+ urine-
treated group (n = 3) using the RNeasy Mini Kit (Qiagen, Hilden, Germany) to evaluate
chemokine expression in the mimic lymphoid structures. RNA integrity validation,
complementary DNA synthesis, gene expression analysis, raw data normalization were performed
as done in Chapter 1.The data was deposited in the NCBI Gene Expression Omnibus (GEO Series
accession numbers GSE207999).

qPCR

Kidneys and ureters 1d after UUO and non-treated collateral ones were preserved using an
RNAlater solution (#R0901; Merck KGaA). The renal pelvis was manually isolated from kidneys
through microdissection under a stereo-microscope, as reported previously *¥. Purification of total
RNA from those specimens and mimic lymphoid structures as well as qPCR analysis were
performed as done in Chapter 1 by using gene-specific primers (Table 1-2 and 3-2). The data was

normalized according to the values of Actb.

Serological analysis and urinalysis

Serum concentration of Cr and BUN were measured as performed in Chapter 1.

Statistical analysis

The results are expressed as mean + SE and statistically analyzed in a non-parametric manner.
The significance between two groups was analyzed using the Mann-Whitney U-test. The
significance among over three groups was analyzed using the Kruskal-Wallis test followed by the

Scheffé’s method. Correlation between two parameters was analyzed using the Spearman’s
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correlation test. P <0.05 was considered statistically significant.
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Results
COL17A1 expression in the ureters of humans and cats with urinary tract obstruction

A previous study demonstrated that COL17A1 was expressed in human renal pelvis
urothelium with infectious pyelonephritis and non-infectious chronic nephritis *¥. Thus, the
author examined the COL17A1 expression in human ureters with urolithiasis. Cats, which also
show a high susceptibility to urinary tract obstruction (incidence, 7-8%), were also analyzed %7,
Compared with healthy ureters, diseased (urolithiasis) ureters of both humans and cats presented
a dilated lumen, abundant collagen fibers and immune cell infiltration in the lamina propria and
submucosa. Cell aggregation was clearly observed in the human ureter (Fig. 3-1A). In a human
ureter showing normal histology, COL17A1 was partially detected in the basal portion of the
urothelium, whereas in a diseased ureter with urolithiasis, COL17A1" reactions were more
prevalent, with immune cell aggregation (Fig. 3-1B). In both healthy and diseased ureters of cats,
COLI17A1" reactions were observed in the basal portion of the urothelium, while being highly
abundant in each cell of the diseased ureter (Fig. 3-1C), indicating that COL17A1 expression

dynamics are common among different species.

COL17A1 ectopically expressed in the ureter urothelium of UUO mice

COL17A1 expression was also examined in the ureter of UUO-injured B6 mice, in which,
hydroureteronephrosis with the ureter luminal expansion, smooth muscle layer degradation, and
an increase in collagen fibers was remarkable from 4d onward (Fig. 3-2A and B). Furthermore,
luminal size of the ureter as well as the renal histopathological scores, including CD11b" myeloid
cells in tubulointerstitium and IL-36a" injured distal tubules, significantly increased in a time-
dependent manner following UUO induction (Fig. 3-2C-G). Although COL17A1 localized in the
basal portion of UUO-injured ureter urothelium from 1d but not in the Sham, COL17A1"
urothelium and its histological score following IHC significantly increased from 4d onward (Fig.
3-3A and B). Moreover, urothelium COL17A1" scores were positively correlated with injury
indices for the ureters and kidneys including, ureter luminal size, CD11b" cell number in
tubulointerstitium, and IL-360" tubule number, (Fig. 3-3C).

Next, ureter UEB integrity was evaluated in the ureter after UUO. Histologically, urothelium
disruption in the ureter was apparent from 4d onward, consistent with COL17A1 overexpression
(Fig. 3-3D). The mRNA expression of epithelium-associated genes, uroplakin 2 (Upk2) and Tjp1,
but not Occludin (Ocln), was significantly lower in the isolated ureter at 7d after UUO than that
of collateral control (Fig. 3-3E). TJP1 (also known as zonula occludens 1, ZO-1), which was
observed in the apical portion of the Sham ureter, was partially defective in the UUO urothelium.
The OCLN" reaction was temporarily increased in ureter urothelium 4d after UUO, and both
OCLN-faint and -overexpressing cells were observed on 7d (Fig. 3-3F). Moreover, COL17A1
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was partially expressed in BrdU-incorporated cells (Fig. 3-3G), indicating urothelium

reconstruction after UUO.

Migration and activation of CD11b" cells stimulated by urine and COL17A1

Urine can stimulate the production of cytokines and chemokines from fibroblasts and
immune cells *¥. Based on the histopathological results, the author hypothesized that UEB
disruption and subsequent urine leakage due to UUO led to an immune response in the ureter
parenchyma.

Figure 3-4A summarizes the microarray data analyzing the urine-stimulated mimic lymphoid
structures, focusing on chemokine genes. The Cxcl2, Cxclll, Cxcll2, Cxcll0, Ccl6, Cxcli3, Ccll,
and Ccl/25 expression in mimic lymphoid structure stimulated by urine was twice more than that
stimulated by PBS. qPCR analysis of the ureter with UUO indicated that Cxc/2 expression is
significantly higher in UUO samples on 7d than those of collateral controls among examined
chemokine genes (Fig. 3-4B).

Furthermore, in the diseased renal pelvis, urine as well as COL17A1 can be an immune
stimulator ¥, thus separately isolated murine B, T, and CD11b" cells were stimulated using
rhCOL17A1, and Cxc/2 expression was analyzed. Following thCOL17A1 stimulation, the Cxc/2
expression level was significantly upregulated in T cells and CD11b" cells compared to the
expression observed following BSA stimulation. The CD11b" cells showed the highest values
among the examined cell types (Fig. 3-4C, note logarithmic form). Histologically, CXCL2" cells
aggregated beneath disrupted ZO-1" epithelial cells, and COL17A1" urothelium was also
observed near these regions (Fig. 3-4D). Importantly, CXCL2" reactions were co-localized with
CDI11b" cells (Fig. 3-4D), and most CD11b" cells were Gr-1" neutrophils and IBA-1" macrophages
(Fig. 3-4E). Representative inflammatory and fibrotic gene expression (//1b, 116, and Tgfb) was
significantly higher in the ureter of 7d UUO samples compared to that of collateral controls (Fig.
3-4F). Additionally, CD11b" cells also infiltrated the lamina propria and submucosa in the
diseased ureter of humans and cats with urolithiasis (Fig. 3-4G). These findings indicate that urine
and COL17A1 can stimulate CXCL2 expression in CD11b" cells infiltrating the UUO ureter.

COL17A1 overexpressed in the renal pelvis urothelium of mice from 1d after UUO

To identify the initiation site of COL17A1 expression in the upper urinary tract after UUO,
the author also examined the renal pelvis. Firstly, UUO-injured renal pelvis showed an increase
in collagen fibers from 4d (Fig. 3-5A). Next, mouse proximal and distal renal pelvis were
separately analyzed; the former lacked smooth muscle layer and was localized in the deep portion
of the renal parenchyma, while the latter, close to ureters, exhibited a-SMA " smooth muscle layer

(Fig. 3-5B-E). Characteristically, at the junction between the proximal and distal renal pelvis, few
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COL17A1" urothelial cells were observed in the Sham. From 1d after UUO, COL17A1 clearly
localized in the basal portion of the renal pelvis urothelium (Fig. 3-6A), and COL17A1" urothelial
cells increased in the proximal and distal renal pelvis from 4d onward (Fig. 3-6A and B). The
UUO 1d group also showed urothelium disruption with decreasing platelet-derived growth factor
receptor alpha (PDGFRa)" fibroblasts (Fig. 3-6B). In renal pelvis isolated at 1d, Coll7al
expression was significantly higher than that of the collateral control, indicating that Coll7al
mRNA was induced earlier than that in the ureter, as no significance in Coll7al expression of the
ureter was observed on 1d (Fig. 3-6C). At 1d after UUO, the consecutive length of COL17A1"
urothelial cells from renal pelvis junction was longer than the length to the distal part compared
with that to the proximal (Fig. 3-6D). Urothelium COL17A1" scores were significantly higher in
the distal renal pelvis at 1d compared with those of the Sham and increased in a time-dependent
manner following UUO-induction in both distal and proximal renal pelvis. Furthermore,
COL17A1" scores in both renal pelvis urothelia at 7d UUO were significantly higher than those
in the Sham (Fig. 3-6E). Importantly, COL17A1 expression in the renal pelvis urothelium,
especially the distal part, was positively correlated with the renal histopathological scores (Fig.
3-6F).

Based on previous findings that the FOS/JUN-related pathway induced COL17A1
expression in the renal pelvis urothelium 3%, both molecules localized in the urothelial cell nuclei
at the beginning of the distal renal pelvis (Fig. 3-6G), indicating a crucial site for the initiation of
COL17A1 expression after obstructive uropathy.

At 28d UUO, the renal pelvis urothelium kept expressing COL17A1; however, it was

diminished in the urothelium of the ureter with progression of fibrosis (Fig. 3-6H).

Altered UEB integrity of the renal pelvis urothelium post UUO

Next, UEB integrity was evaluated in the renal pelvis at 1d UUO, which presented urothelial
cells deciduation at the junction between proximal and distal renal pelvis (Fig. 3-7A). Consistent
with the ureter 7d UUO, mRNA levels of Upk2 and TjpI were significantly decreased in the ureter
of UUO on 1d compared to that of collateral controls, while Ocln showed a decreasing tendency
in the UUO renal pelvis (P = 0.063; Fig. 3-7B). For IF in the Sham, ZO-1 localized at the apical
portion of the renal pelvis urothelium, whereas OCLN localized at the apical and basal portion
(Fig. 3-7C). On day 1, ZO-1" reactions were partially faint and OCLN localized mainly at the
basal portion. Furthermore, these reactions clarified the partial disruption of urothelium at the
renal pelvis junction. Although OCLN" intensity partially increased on 4d, both TJPs decreased
on 7d (Fig. 3-7C).

Next, the author performed COL17A1 co-localization with CK14 and CD44; the former was

a marker for urothelial stem cells, and the latter, which was a receptor for hyaluronic acid, laminin,
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collagen or fibronectin, was a marker for urothelial cell proliferation in addition to immune cell
activation 17 In the Sham renal pelvis, CK 14" urothelial cells were found and partially co-
expressed with COL17A1, whereas the renal pelvis urothelium on 1d UUO showed an increase
in COL17" CD44" CK14 urothelial cells as well as few CK14" urothelial cells co-expressing
COL17A1 and CD44. From 4d onward, COL17A1* CD44" CK14" and COL17A1  CD44" CK14"
urothelial cells were predominantly observed (Fig. 3-7D).

For TEM observation of the renal pelvis urothelium on 1d, folded apical membrane, abundant
lysosomes, and ectopic red blood cells beneath the basement membrane were noted in comparison
to the collateral controls (Fig. 3-7E). Characteristically, urothelial cells increased the intracellular
spaces and their cell processes extended to the lamina propria to interact with cells in the smooth
muscle layer. Furthermore, a cell migrated from the lamina propria to the partially effaced
basement membrane (Fig. 3-7E).

To examine UEB integrity in renal pelvis, Evans blue-conjugated BSA from the urinary
bladder was administered into the renal pelvis as previously reported 3. Although the urothelium
of collateral kidneys retained Evans blue-conjugated BSA in the lumen of the renal pelvis, it
leaked into the renal pelvis parenchyma of UUO after 1d; thus, suggesting a UEB dysfunction
(Fig. 3-7F).

CXCL2" CD11b" cells induced in the UUO-injured renal pelvis

Similar to the ureter, the expression of Cxc/2 was significantly higher in the 1d renal pelvis
than that of collateral controls (Fig. 3-8A). Histologically, CXCL2" cells aggregated beneath the
renal pelvis urothelium-leaking area induced by UUO (Fig. 3-8B). In the renal pelvis, 1d after
UUO, expression of integrin alpha M (/tgam, encoding CD11b) was significantly higher
compared to that of collateral controls although Cd3e expression was lower (Fig. 3-8C). CD11b"
cells were observed to migrate to the lamina propria in the renal pelvis at 1d, especially near the
beginning of the distal renal pelvis, which later decreased by 4d, and fibrosis progressed (Fig. 3-
8D). In line with the ureter results, CXCL2" reactions were co-localized with CD11b" cells
beneath the COL17A1" urothelium in 1d UUO samples (Fig. 3-8E). Furthermore, mRNA levels
of 111b, 116, and Tgfb were significantly higher in the renal pelvis of 1d UUO samples compared
to that of collateral controls (Fig. 3-8F).

Abnormal urothelium morphology and inhibition of immune cell infiltration in the renal pelvis
of Coll7al-KO mice 1d after UUO

Fig. 3-9 and 10 show the urothelium histopathology of Co/17al-KO mice. In the renal pelvis
histology of the collateral kidneys, superficial urothelial cells partially presented a pale cytoplasm

in Coll7al-KO mice, and absent mucosal folds and urothelial cell hypertrophy, especially
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umbrella cells, were found in the ureter of Coll/7a1-KO mice compared to the WT mice (Fig. 3-
9A). Regarding epithelium-associated molecules, OCLN" urothelial cells were ectopically
observed at the basal side in the renal pelvis and ureter urothelial cells of Coll7al-KO mice with
or without UUO (Fig. 3-9B and C). WT mice showed partially faint ZO-1" and OCLN" reactions
in the renal pelvis urothelium after UUO; however, those reactions in Coll7al-KO mice were
relatively abundant at the apical portion compared to those observed in the WT mice (Fig. 3-9C).
At the renal pelvis junctions 1d after UUO, urothelium disruption and proliferation were
observed; however, infiltrating cell numbers were less in Coll7al-KO mice than that of the WT
mice (Fig. 3-9D). To evaluate the renal pelvis urothelium, a region from the renal pelvis junction
to the distal part was examined. The WT mice 1d after UUO possessed the increased urothelial
cell numbers, although Coll7a1-KO mice did not (Fig. 3-9E).

In both WT and Coll7al-KO mice, CK14" urothelial cells predominantly localized from
around the proximal renal pelvis to the junction in collateral kidneys, whereas the number was
decreased in the kidneys after UUO (Fig. 3-10A). Moreover, the number of CK 14" urothelial cells
with or without UUO was significantly less in the Co//7al-KO renal pelvis than that of the WT
mice (Fig. 3-10A and B). In the proximal renal pelvis, collateral control kidneys of WT mice
showed COL17A1* CK14" urothelial cells; however, CK14" reaction was diminished in the
kidneys 1d after UUO (Fig. 3-10C). Further, in the renal pelvis junction to distal part of the WT
mice after UUO, COL17A1" urothelial cells were co-expressed with CD44 and partially localized
in CK 14" urothelial cells, although CD44" urothelial cells were mainly found in that of Coll7al-
KO mice (Fig. 3-10D).

Importantly, following UUO, numerous CD11b" cells aggregated beneath the renal pelvis
urothelium at the junction between proximal and distal renal pelvis in the WT mice; however, the
CDI11b" cells were scattered in Coll7al-KO mice and had few CXCL2" reactions (Fig. 3-10E
and F).

Deterioration of renal histopathology in the kidneys of Coll7al-KO mice 1d after UUO

The author also evaluated renal injuries in Col/l7al-KO mice after UUO. In the indices for
renal function, including BUN and serum Cr levels, the former tended to be higher in Coll7al-
KO mice than that in WT mice, while the latter values were comparable between genotypes (Fig.
3-11A and B). Histopathologically, the IL-36a" renal tubular injury score, not CD11b" infiltration
cell number in tubulointerstitium, was deteriorated in Col/l/7a1-KO mice compared with those in
WT mice (Fig. 3-11C-F). Moreover, the kidneys of Col/l7al-KO 1d UUO presented urothelial
cell deciduation covering renal papilla (Fig. 3-11G), suggesting that renal pathology after UUO
was exhausted in Coll7al-KO mice compared with that in WT.
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Discussion

This chapter demonstrated that obstructive uropathy disrupted UEB in both renal pelvis and
ureters with ectopic urothelial expression of COL17A1, which was involved in urothelial cell
proliferation and local immunoreactivity (Fig. 3-12). In contrast to the urothelium, the stratified
epithelial cells in the epidermis or cornea are attached to the basement membrane constitutively
through COL17A1 as a hemidesmosome component ?®. The author discovered that following
UUO, the beginning of the distal renal pelvis urothelium expressed COL17A1 as well as
FOS/JUN, which are upstream signaling molecules of COL17A1 in urothelial cells Y. Both
transcriptional factors composing AP-1 respond to mechanical stress, bacterial infection, or
inflammatory cytokines such as IL-1pB, IL-6, and TNF-a 8139 Qther studies analyzing murine
renal pelvis urothelium after UUO or IRI reported that fibroblast growth factor receptor 2
(FGFR2) is activated by FGF7 “#12%) which is produced in smooth muscle cells and fibroblasts
221100 " Jeading to urothelial cell proliferation. Further, there are several reports that FGFR2
signaling triggers JUN activation in human hepatocytes and gastric cancer %40, Hence, UUO
stimulation including internal pressure of the renal pelvis cavity and cytokines from urine might
activate the FOS/JUN-related pathway and subsequently promote COL17A1 expression in
urothelial cells.

The present study showed that COL17A1" urothelial cells forms multiple urothelial layers
co-expressing CD44, which was a glycoprotein involved in cell-cell interactions, cell adhesion,
migrations, and proliferation in a normal urothelium, its cancer, or regeneration of injured renal
epithelium *>2%3173)_ Further, COL17A1 was partially localized in urothelial cells incorporating
BrdU, a proliferation marker. Importantly, Co/l7al-KO urothelium 1d following UUO presented
CD44" mono- or bi-layers. Studies on normal epidermis, wound healing, and epithelial cancers
have revealed that COL17A1, an epidermal stem cell marker, plays a role in regulating epithelial
cell proliferation 778121129 The present study also demonstrated that CK14, one of the stem cell
markers for urothelial cells, were mainly localized in the urothelium from the proximal renal
pelvis to the beginning of the distal part, and some were co-expressed COL17A1 3V, CK14
expression was diminished 1d after UUO instead of COL17A1 upregulation, whereas COL17A1"
CD44" CK 14" urothelial cells were increasing at the basal side of the urothelium from 4d onward.
In Coll7a1-KO mice, CK 14" urothelial cell numbers decreased in the renal pelvis urothelium of
both control and UUO kidneys compared with the WT mice. Consistently, epidermal studies have
reported that COL17A1 functions as an epidermal stem cell marker and a loss of the stem cells in
Coll7al-KO mice ®'"”. As shown in Fig. 3-12D, COL17A1 overexpression was followed by
CD44 and CK14 induction, indicating that COL17A1 has an important role in urothelial cell
proliferation as the stem cell marker.

UUO also altered TJP expression in the urothelium. OCLN was localized at both the apical

81



and basal portions of the urinary tract urothelium, whereas ZO-1 mainly localized at the apical
portion, which is partially consistent with other reports addressing murine urinary bladder V. After
UUO, both TJPs were partially absent in urothelial cells at the apical portion of the renal pelvis,
as TJPs are decreased in urinary bladders with interstitial cystitis ”. However, Coll7al-KO 1d
after UUO maintained TJP expression at the apical portion of the renal pelvis urothelium.
Moreover, the control renal pelvis and ureters of Col/l7al-KO mice showed predominant
expression of OCLN at the basal portion, indicating that COL17A1 deficiency caused abnormal
TJP expression. Furthermore, superficial cells exhibited a pale cytoplasm and hypertrophy in the
renal pelvis and ureter of Coll7al-KO mice, respectively, which is consistent with transient
hyperproliferation of intrafollicular epidermal cells during prematuration '*®. Therefore,
COL17A1 may regulate the balance between cell proliferation and differentiation with alteration
of cell adhesion in urothelial cells.

Notably, in the renal pelvis 1d after UUO, UEB disruption at the junction between the
proximal and distal renal pelvis urothelium promoted COL17A1 induction. A junction between
two organs, such as the ureteropelvic junction and the gastroesophageal junction, represents an
origin of pathological development 2°°?. In ureteropelvic junction obstruction, a crucial
pathological mechanism is the presence of abnormalities in synaptic vesicles and the smooth
muscle cell structure, which induce alterations of the synaptophysin and epidermal growth factor
39, Interestingly, smooth muscle cells in murine renal pelvis are both typical and atypical; they
function as peristaltic contractors and peacemakers, respectively *?. Thus, atypical and fiber-
structural smooth muscle cells that comprise the junction urothelium might lose toughness upon
UUO-induced renal pelvis cavity pressure, leading to UEB disruption and COL17A1 expression.

COL17A1 expressed in mesenchymal stem cells of bone marrow influences regulation of

granulocyte production 7.

The present findings supported a COL17A1 function in
immunoreactivity; thus, suggesting that COL17A1 was associated with an initial stage of
inflammation in the urinary tract mucosa through migration of CD11b" cells secreting CXCL2.
CXCL2 is synthesized in macrophages, neutrophils, and mast cells. It is involved in neutrophil
recruitment and vascularization in addition to skin, intestine, and lung tissue reconstruction 3342,
This study demonstrated that CXCL2 derived from CD11b" cells was stimulated by COL17A1
and urine. It is possible that ecto- or intra-domains composing COL17A1 derived from intact or
deciduate urothelial cells as well as the former domain in the lamina propria via ectodomain
shedding may bind to and activate CD11b" cells *"; however, this mechanism of action remains
unclear. Another immuno-activator was represented by urine leakage from the lumen to the
parenchyma, which was one of the factors promoting UTALS development *. In interstitial
cystitis, symptoms such as pelvic pain, urgency, and urination frequency are caused by

depolarization of sensory nerves and muscles following urinary potassium diffusion into the
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bladder wall due to the UEB disruption ’?. Thus, the author propose that both COL17Al
expression and urine leakage into the parenchyma of the urinary tract might recruit CD11b" cells
followed by CXCL2 production and contribute to early inflammation and the UEB reconstruction
via fibrosis in order to localize the reactions.

The limitation of this study is that the findings using Co//7a1-KO mice did not show obvious
COL17A1 contribution to the progression of hydronephrosis pathology. The IL-36a" renal tubular
injury score, not CD11b" infiltration cell number in tubulointerstitium, was deteriorated in
Coll7al-KO mice, while CD11b" cell infiltration into the renal pelvis was inhibited. The kidneys
of Coll7al-KO mice 1d UUO presented urothelial cell deciduation covering renal papilla,
suggesting necrosis followed by renal pathology exacerbation, although further investigations are
needed to elucidate the COL17A1 function in renal injury induced by UUO. Of note, COL17A1"
CK14" urothelial cells, which might be the progenitor cells, were found in the beginning of the
proximal renal pelvis in collateral kidneys of the WT. Reportedly, IRI model mice have shown
that Ki-67" proliferating urothelial cells, which express CK14, are abundant in this part (called
the fornix area), but not in renal papilla '*¥. These findings suggest that the urothelial cells
localizing in the beginning of the proximal renal pelvis are a potential cell source for the renal
pelvis and papillary urothelium.

The author discovered that ureter urothelium of humans and cats with urolithiasis also
overexpressed COL17A1. Previous studies only showed upregulation of COL17A1 mRNA in
human patients with urinary incontinence and canine bladder cancer 37?; furthermore, these
findings indicate that COL17A1 is a common therapeutic target and potential marker for
urothelial disorders in several mammals. This study also demonstrated that COL17A1 expression
in the renal pelvis and ureter after UUO correlated with urothelial and renal lesions, suggesting
that UEB disruption in renal pelvis leads to renal injury. Importantly, renal pelvis tissue must not
be collected by renal biopsy because of its location. Therefore, urinary COL17A1 can represent
a diagnostic marker for urinary system disorders. Nevertheless, additional research is needed to
support our findings.

In conclusion, this chapter clarified a novel pathological pathway involving COL17A1 in the
urothelium of mice, humans, and cats with obstructive uropathy. The present data provided a
description of a new pathological mechanism through which COL17A1 and urine leakage in the
urothelium leads to local inflammation. These findings may contribute to the development of

therapeutic and diagnostic strategies for urinary organ diseases.
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Summary

Chapters 1 and 2 revealed that the pathological role of IL-36R ligands in the renal epithelial
cell-associated renal injuries. In this chapter, COL17A1, urothelial cell-associated pathological
molecule, was examined. This epidermal hemidesmosome component is ectopically induced in
the urothelial cells of mouse and human renal pelvis and involved in UTALS development. Here,
the author found that COL17A1 was induced in the obstructive uropathy-prone ureters of humans
and cats. To ascertain its function, the urinary organs of UUO-injured mice were analyzed for 1
week after surgery. From 1d, COL17A1 expression increased in urothelial cells of renal pelvis
and ureters and positively correlated with tubulointerstitial lesions. A part of the renal pelvis
where smooth muscle layer from the ureter was interrupted was sensitive to urothelial deciduation
and COL17A1 induction with the expression of FOS/JUN, COL17A1 upstream-signal molecules.
In this area, urothelial cell adhesions were changed, and urine leaked from the renal pelvis lumen
into the parenchyma. After urine stimulation, cultured immune cells induced CXCL2, which was
also produced by CD11b" cells following COL17A1 stimulation. On 1d, CXCL2* CD11b" cells
infiltrated the urothelium-disrupted area; however, the number was significantly diminished in
Coll7al-KO mice. Moreover, COL17A1" urothelial cells partially expressed CK14 and CD44,
while Coll7a1-KO mice exhibited decreased CK14" urothelial cells. Thus, COL17A1 maintains
urothelium integrity by regulating urothelial cell adhesion and proliferation, and activates local

immune response during obstructive uropathy in mammals.
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Table 3-1. List of antibodies used in this chapter

. . L Antigen Blocking serum
Primary antibody Host Dilution Source .
retrieval IHC IF
a-SMA Mouse  1:8000 Proteintech, Rosemont, IL, USA Tris - 5% NDS
CD11b Rabbit  1:5000 Abcam, Cambridge, UK Tris 10% NGS 5% NDS
CK14 Mouse  1:500 Proteintech, Rosemont, IL, USA Tris Mouse kit 5% NDS
COL17Al Rabbit  1:100 Abcam, Cambridge, UK Tris 10% NGS 5% NDS
CXCL2 Goat 1:400 R and D system, Minneapolis, MN, USA Tris - 5% NDS
c-FOS Rabbit  1:400 Abcam, Cambridge, UK Tris 10% NGS -
c-JUN Rabbit  1:400 Abcam, Cambridge, UK Tris 10% NGS -
IBA-1 Goat 1:600 Abcam, Cambridge, UK Tris - 5% NDS
OCLN Mouse  1:1000 Proteintech, Rosemont, IL, USA Pepsin - 5% NDS
PDGFRa Goat 1:300 R and D system, Minneapolis, MN, USA Tris - 5% NDS
Z0-1 Rabbit  1:1000 Abcam, Cambridge, UK Pepsin - 5% NDS

Tris: 20 mM Tris-HCI buffer (pH 9.0) at 110 °C for 15 min, Pepsin: 0.1% pepsin at 37 °C for 5 min, NDS: normal donkey serum, NGS: normal goat serum.
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Table 3-2. List of primers used in this chapter

Gene symbol (Gene ID)

Primer sequence (5'-3") F: Forward, R: Reverse

Product size (bp)

Cd3e (12501) F: TGCCTCAGAAGCATGATAAGC R: TTGGCCTTCCTATTCTTGCTC 244
Col17al (12821) F: ACTTGCGGTCATCAGGCTAC R: AGACAGGAGGGACCCATCTC 170
Ccll (20290) F: GCAAGAGCATGCTTACGGTC R: TTTGTTAGTTGAGGCGAGC 170
Ccl6 (20305) F: CAGGAGGATGAGAAACTCCAA R: TTGGAGGGTTATAGCGACGA 119
Ccl25 (20300) F: AGTGGAAGCTGCAACCTACG R: CCTCACGCTTGTACTGTTGG 216
Cxcl2 (20310) F: TGTCAATGCCTGAAGACCCTG R: CAGTTAGCCTTGCCTTTGTTCAG 197
Cxcl10 (15945) F: ATGACGGGCCAGTGAGAATG R: CGGATTCAGACATCTCTGCTCAT 125
Cxcl11 (56066) F: AGTAACGGCTGCGACAAAG R: AGACGTTCCCAGGATGTCAC 160
Cxcl12 (20315) F: CTTCGAGAGCCACATCGCC R: GTTGTTGTTCTTCAGCCGTGC 100
Cxcl13 (55985) F: ATCCTCGTGCAAATGGTTACA R: AGATGATAGTGGCTTCAGGCAG 115
Itgam (16409) F: CATGACCTTCCAAGAGAATGC R: GCTTGTGCTGTAGTCACACTGG 142
Msdal (12482) F: ATCATGAATGGCCTCTTCCA R: TGCCAGGAGTGATCCTGAA 138
Ocln (18260) F: TCCACCTCCTTACAGACCTGA R: AGAGTACGCTGGCTGAGAGA 112
Tjpl (21872) F: AATTATCCCACAAGGAGCCATTCC R: TTTAGGGTCACAGTGTGGCAA 196
Upk?2 (22269) F: AAGCCTGTTAATTGCCTTGCC R: CATGGAGGCACCACAAAGTC 114
Primers sequence for genotyping (5'-3") F: Forward, R: Reverse
Col17al (wild type) F: ACCTTCCAGTGAAGAGCCAT R: GTGGATTCCCAAAGCCATAC 533
Col17al (knockout type) F: TGGATGTGGAATGTGTGCGA R: GTGGATTCCCAAAGCCATAC 590
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Fig. 3-1. COL17A1 expression in human and cat ureters with urolithiasis

(A) Representative images of human and cat ureters. More collagen fibers are observed in diseased
human and feline ureters than those observed in the healthy ureter. Infiltrated cells localize in the
lamina propria and submucosa of humans and cats with urolithiasis. In the former specimen, immune
cell aggregation is observed (arrow). Masson’s trichrome staining. Bars = 100 um. (B) Localization
of COL17A1 in human ureters. Few COL17A1" cells are observed at the basal portion of normal
ureter urothelia. There are numerous COL17A1 cells in the diseased ureters with cell aggregation.
Insets indicate high magnification images of areas marked by the black squares. IHC. Bars = 100 um.
(C) Localization of COL17A1 in cat ureters. COL17A1" reactions are observed at the basal portion of
both the normal and diseased ureters. The positive dots in each cell are abundant in the diseased ureters.
Insets indicate high magnification images of areas marked by the black squares. ISH. Bars = 100 um.

MT: Masson’s trichrome staining.
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Fig. 3-2. Pathology of ureters and kidneys after UUO

(A) Gross morphological images of kidneys and ureters at 1, 4, and 7d after UUO compared to the
Sham. Hydronephrosis and hydroureter are observed from 4d after UUO onwards. Arrowheads
indicate proximal ureters from ligation. Bars = 10 mm. (B) Representative images of ureter 1, 4, and
7d after UUO compared to that of the Sham. Dilation of the ureter lumen with fibrosis and
degeneration of smooth muscle cells is clearly observed from 4d after UUO onwards. Masson’s
trichrome staining. Bars = 100 pm. (C and D) Localization of CD11b (panel C) and IL-360 (panel D)
in kidneys at 1, 4, and 7d after UUO compared to those in the Sham. CD11b* myeloid cells and IL-
360" injured distal tubules are increasing in a time-dependent manner after UUO. IHC. Bars = 100
um. (E-G) Luminal area of ureters (panel E), and the number of CD11b* cells in tubulointerstitium
(panel F) and IL-360" renal tubules (panel G). Each dot represents the mean + SE (n=5). *, 1, #, and
§ indicate a significant difference with Sham 1, 4, and 7d after UUO, respectively (P < 0.05). Kruskal-
Wallis test followed by Scheffé's method. MT: Masson’s trichrome staining, Ti: tubulointerstitium.
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Fig. 3-3. COL17A1 expression in the urothelium of murine ureters induced by UUO

(A) Localization of COL17A1 in ureters at 1, 4, and 7d after UUO compared with those in the Sham.
COLI17A1" urothelial cells were not detected in the Sham ureters. The positive urothelial cells are
observed in the ureter basal portion 1d after UUO and are drastically increasing from day 4 onwards.
Insets indicate high magnification images of areas marked by the black squares. IHC. Bars = 500 um.
(B) COL17A1* area in ureter urothelium. Each dot represents mean + SE (n=5). *, T, #, and § indicate
a significant difference with Sham, 1, 4, and 7d after UUO, respectively (P < 0.01). Kruskal-Wallis
test followed by Scheffé's method. (C) Correlation of COL17A1* area in the ureter urothelium with
luminal size of ureter and the indices for renal lesions including CD11b" cells in tubulointerstitium as
well as IL-36a" injured renal tubules. p indicates the Spearman's correlation coefficient (n = 20, ** P
< 0.01). (D) Representative images of ureter 1 and 4d after UUO. Deciduation of urothelial cells
(arrow) observed with mono-nuclear cells at 4d, but not 1d after UUO. Inset indicates high
magnification images of areas marked by the black square. PAS-H. Bars = 100 um. (E) Relative
mRNA expression of epithelium-associated genes in ureters at 7d after UUO. The expression levels
are normalized to the values of Actb and those of the collateral control. Each bar represents mean +
SE (n =4-5). * indicates a significant difference compared to the collateral control (*P < 0.05, ** P
< 0.01). Mann-Whitney U-test, qPCR analysis. (F) Localization of ZO-1 (green) and OCLN (red) in
ureter at 1, 4, and 7d after UUO compared with those in the Sham. ZO-1* or OCLN" staining in the
Sham urothelium is observed at the apical and apical/basal portion, respectively. ZO-1" staining is
faint after UUO. Although OCLN" staining is also faint in the apical portion 1d after UUO, it increases
temporarily 4d after UUO, and subsequently OCLN-overexpressing and -faint urothelial cells are
observed 7d after UUO. The nucleus is stained using Hoechst (blue). Insets indicate high
magnification images of areas marked by the white squares. IF. Bars = 100 um. (G) Localization of
COL17A1 (green) using BrdU (red) in ureters at 7d after UUO. Some BrdU-incorporated cells express
COL17A1 (arrowheads), whereas COL17A1" urothelial cells incorporating BrdU (arrows) are also
found at the apical side of urothelium. White dotted lines represent the apical side of the urothelium.
The nucleus is stained using Hoechst (blue). IF. Bars = 50 um. Ur: ureter, ND: not detected, Ti:
tubulointerstitium, PAS-H: periodic acid Schiff-hematoxylin staining, Cont: collateral control, BrdU:

bromodeoxyuridine.
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Fig. 3-4. Activation of CD11b* cells by COL17A1 and urine leakage in mice with UUO

(A) Relative mRNA expression of chemokines in mouse lymphoid structures stimulated by urine.
Expression levels are normalized to the values of the PBS control. Microarray. (B) Relative mRNA
expression of chemokines measured from ureters 7d after UUO. The expression levels are normalized
to the values of Actb and those of the collateral control. Each bar represents mean + SE (n = 5). *
indicates a significant difference compared to collateral control (*P < 0.05, **P < 0.01). Mann-
Whitney U-test, qPCR analysis. (C) Relative mRNA expression of Cxcl2 in B, T, and CD11b" cells
stimulated using BSA or recombinant human COL17A1. The expression levels are normalized to the
values of Actb and those of B cell stimulated with BSA. Each bar represents the mean + SE (n =4). *
indicates a significant difference compared with the BSA-stimulated group (*P < 0.05). Mann-
Whitney U-test, qPCR analysis. (D) Localization of CXCL2 (red) with ZO-1, COL17A1, or CD11b
(green) in ureters at 7d after UUO. CXCL2" staining is observed beneath the ZO-1 faint urothelium
as well as close to the COL17A1" urothelium and localizes in CD11b* cells. White dotted lines
represent the apical side of the urothelium. The nucleus is stained using Hoechst (blue). IF. Bars = 100
um. (E) Localization of CD11b with Gr-1 or IBA-1 in renal pelvis 1d after UUO. CD11b" staining co-
localizes in Gr-1* neutrophils (observed using serial sections of subsequent IHC analyses) and in IBA-
1" macrophages (observed using IF). Arrowheads indicate the positive cells. Bars = 50 um. (F)
Relative mRNA expression of inflammatory cytokines measured in ureters 7d after UUO. The
expression levels are normalized to the values of Actbh and those of the collateral control. Each bar
represents the mean + SE (n = 4-5). * indicates a significant difference compared with collateral
control (*P < 0.05, **P < 0.01). Mann-Whitney U-test, qPCR analysis. (G) Localization of CD11b in
human and cat ureters. Infiltrated CD11b" cells are observed in the lamina propria and submucosa of
humans and cats with urolithiasis. [HC. Bars = 100 um. Cont: collateral control, BSA: bovine serum

albumin.
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Fig. 3-5. Histopathology of the mouse renal pelvis after UUO

(A) Representative images of kidneys at 1, 4, and 7d after UUO. Dilation of renal tubules is observed
from 1d after UUQO, and fibrosis in the renal pelvis parenchyma is progressing from 4d after UUO
onwards. Masson’s trichrome staining. Bars = 100 um. (B-E) Localization of a-SMA in the Sham
renal pelvis. There is no a-SMA™ smooth muscle layer in the proximal renal pelvis urothelium (panel
C). At the junction between the proximal and distal renal pelvis urothelium, a-SMA™* cells exhibit a
fiber structure, not smooth muscle layer (panel D). smooth muscle layer is observed in the distal renal
pelvis urothelium (panel E). IHC. Bars = 500 pm (B) and 25 um (C-E). MT: Masson’s trichrome

staining, Pro: proximal renal pelvis urothelium, Dis: distal renal pelvis urothelium.
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Fig. 3-6. COL17A1 dynamics in mouse renal pelvis after UUO

(A) Localization of COL17A1 in renal pelvis 1, 4, and 7d after UUO compared to that in the Sham.
COL17A1" urothelial cells localize at the basal portion of the renal pelvis urothelium and drastically
increase in a time-dependent manner after UUO. Insets indicate high magnification images of areas
marked by black squares. IHC. Bars = 100 pm. (B) Co-localization of COL17A1 (white) with
PDGFRa (green, fibroblast marker) and a-SMA (red, smooth muscle fiber and myofibroblast marker)
in the renal pelvis at 1, 4, and 7d after UUO compared with that in the Sham. The renal pelvis
urothelium in the Sham is divided into the proximal renal pelvis urothelium without the a-SMA*
smooth muscle layer and the distal one with the smooth muscle layer, and the latter urothelium
obviously possesses COL17A1" cells at 1d UUO. COL17A1* cells are increasing in both types of
urothelia with aSMA™ myofibroblasts increasing from 4d after UUO onward. The nucleus is stained
using Hoechst (blue). Arrow indicates deciduation of urothelial cells. White dotted lines represent the
apical side of urothelium. IF. Bars = 100 um. (C) Relative mRNA expression of Coll/7al in isolated
renal pelvis and ureter 1d after UUO. The expression levels are normalized to the values of Actb and
those of the collateral control. Each bar represents the mean + SE (n = 4-5). * indicates a significant
difference between groups (*P < 0.05). Mann-Whitney U-test, qPCR analysis. (D) Consecutive length
of CO17A1" urothelial cells from the renal pelvis junction to the proximal and distal parts 1d after
UUO. Each bar represents the mean + SE (n = 5). * indicates a significant difference between groups
(*P < 0.05). Mann-Whitney U-test. (E) COL17A1" area in the proximal and distal renal pelvis
urothelium. Each bar represents mean = SE (n = 5). *, 1, #, and § indicate a significant difference
compared to that in Sham 1, 4, and 7d, respectively (P < 0.01). Kruskal-Wallis test followed by
Scheffé's method. (F) Correlation of COL17A1" area in proximal or distal renal pelvis urothelium
with the examined indices for renal lesions, CD11b" cells in tubulointerstitium and IL-360" renal
tubules. p indicates the Spearman's correlation coefficient (n = 20, ** P < (.01). (G) Localization of
FOS and JUN in renal pelvis. Both FOS and JUN-positive reactions are observed in urothelial nuclei
at the beginning of the distal urothelium 1d after UUO. Insets indicate high magnification images of
areas marked by black squares. IHC. Bars = 100 pm. (H) Localization of COL17A1 in the renal pelvis
and ureter 28d after UUO. COL17A1 is observed in the urothelium of both the renal pelvis and ureter,
whereas the former highly expresses COL17A1 than that in the latter. Bars = 100 pm. Pro: proximal
renal pelvis urothelium, Dis: distal renal pelvis urothelium, Cont: collateral control, renal pelvis: renal

pelvis, Ur: ureter, Ti: tubulointerstitium, RPL: lumen of renal pelvis, UrL: lumen of ureter.
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Fig. 3-7. Disruption of the UEB in the murine renal pelvis with UUO

(A) Representative images of renal pelvis 1d after UUO. Although intact urothelium of the renal pelvis
is observed in the Sham, deciduation of urothelial cells is observed at the junction between the
proximal and distal renal pelvis urothelium 1d after UUO (arrow). PAS-H. Bars = 100 pm. (B) Relative
mRNA expression of epithelium-associated genes in isolated renal pelvis at 1d after UUO. The
expression levels are normalized to the values of Actb and those of collateral control. Each bar
represents mean + SE (n = 4-5). * indicates a significant difference compared with collateral control
(*P<0.05). Mann-Whitney U-test, qPCR analysis. (C) Localization of ZO-1 (green) and OCLN (red),
as markers for tight junctions in the renal pelvis at 1, 4, and 7d after UUO compared with those in the
Sham. ZO-1* or OCLN" staining is observed at the apical or apical/basal portion of the renal pelvis
urothelium in the Sham, respectively. Both positive reactions are partially faint at the apical portion
on day 1 after UUO with urothelial deciduation (arrow). OCLN-faint and -overexpressing urothelial
cells are observed 4d after UUO. The former cells increase 7d after UUO. The nucleus is stained using
Hoechst (blue). White dotted lines represent the apical side of the urothelium. Insets indicate high
magnification images of areas marked by the white squares. IF. Bars = 100 pm. (D) Localization of
COL17A1 (green) with CD44 (red) and CK14 (white) in the renal pelvis at 1, 4, and 7d after UUO
compared with those in the Sham. In the Sham, COL17A1- CD44- CK14" cells (whiter arrowheads)
are found and partially co-expressed with COL17A1 (yellow arrowheads). At 1d, COL17A1" CD44*
CK14 cells (yellow arrows) are dominant, and few COL17A1" CD44"* CKl14" cells (whiter
arrowheads) are observed. From 4d onward, triple positive cells are dominant, and some COL17A1"
CD44" CK14" cells are found. The nucleus is stained using Hoechst (blue). White dotted lines
represent the apical side of urothelium. IF. Bars = 50 pm. (E) Representative TEM images of the renal
pelvis. In urothelial cells 1d after UUO, folded apical membrane (white arrows), numerous lysosomes
(black arrows), ectopic red blood cells beneath basement membrane (white asterisks), and intracellular
spaces (black asterisks) are observed compared with those in the collateral control. Urothelial cell
processes extending to the lamina propria interact with smooth muscle cells (white arrowheads). A
migrating cell from lamina propria is observed in the partially effaced basement membrane (BM; black
arrowheads). Bars =2 um. (F) Localization of Evans blue-conjugated BSA in renal pelvis. Evans blue-
conjugated BSA injected from the urinary bladder is observed along the urothelium in the Sham, while
it leaked into the renal pelvis parenchyma from the lumen 1d after UUO (asterisks). Bars = 100 um.
Pro: proximal renal pelvis urothelium, Dis: distal renal pelvis urothelium, PAS-H: Periodic acid Schiff-
hematoxylin staining, Cont: collateral control, TEM: transmission electron microscopy, UC: urothelial
cell, MC: migrating cell, EBA: Evans-blue conjugated with bovine serum albumin, Pa: parenchyma,

Lu: renal pelvis lumen.
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Fig. 3-8. Activation of CXCL2* CD11b" cells in the murine renal pelvis 1d after UUO

(A) Relative mRNA expression of Cxc/2 in isolated renal pelvis 1d after UUO. The expression levels
are normalized to the values of Actb and those of collateral control. Each bar represents mean + SE (n
= 4-5). * indicates a significant difference compared with collateral control (*P < 0.05). Mann-
Whitney U-test, qPCR analysis. (B) Localization of ZO-1 (green) and CXCL2 (red) in renal pelvis.
CXCL2" staining is observed beneath ZO-1 deficient urothelium (arrows) at the junction between
proximal and the distal renal pelvis urothelium 1d after UUO or proximal urothelium at 7d after UUO.
The nucleus is stained using Hoechst (blue). White dotted lines represent the apical side of urothelium.
IF. Bars = 100 um. (C) Relative mRNA expression of immune cell genes in renal pelvis 1d after UUO.
The expression levels are normalized to the values of Actb and those of the collateral control. Each
bar represents mean + SE (n = 4-5). * indicates a significant difference compared to the collateral
control (*P < 0.05). Mann-Whitney U-test, qPCR analysis. (D) Localization of CD11b" cells in renal
pelvis. There are few CD11b" cells in the Sham, and the number is increasing from 1d after UUO, and
decreasing 4d after UUO. IF. Bars = 100 pm. (E) Localization of CXCL2 (red) with CD11b or
COLI17A1 (green) in the renal pelvis. CXCL2" staining is observed in CD11b" cells beneath the
COL17A1" urothelium 1d after UUO. The nucleus is stained using Hoechst (blue). White dotted lines
indicate the apical side of urothelium. The arrow indicates deciduation of urothelial cells. IF. Bars =
100 pum. (F) Relative mRNA expression of inflammatory cytokines measured in isolated renal pelvis
1d after UUO. The expression levels are normalized to the values of Actb and those of collateral control.
Each bar represents the mean = SE (n = 4-5). * indicates a significant difference compared with
collateral control (*P < 0.05). Mann-Whitney U-test, qPCR analysis. Cont: collateral control, Pro:
proximal renal pelvis urothelium, Dis: distal renal pelvis urothelium, Lu: renal pelvis lumen, IM: inner

medulla.

101



Cont
RP Ur

WT Col17a1-KO WT Col17a1-KO

uuo1d

Col17a1-KO

E UCs in RP
1 P=0.082
120
£
E 100
3
£ 80
z
60
Cont uuo1d

O WT M Col17a1-KO

102



Fig. 3-9. Urothelium morphology in Col17a1-KO mice with or without UUO

(A) Representative images of the renal pelvis and ureter from the Col/l7al-KO collateral control
compared to those of the WT mice. In the renal pelvis of Coll7a1-KO mice, superficial cells with pale
cytoplasm are found. In the ureter, mucosal folds are observed in the WT mice, whereas these are not
clear in the Coll7al-KO ureter, in which swelling umbrella cells are observed (arrowhead). PAS-H.
Bars = 50 um. (B) Localization of ZO-1 (green) with OCLN (red) in the renal pelvis and ureter of the
Col17al-KO collateral control. In Coll7a1-KO mice, OCLN" staining is observed in urothelial cells
localizing at the basal side of the urothelium, especially in the ureter (arrows). The nucleus is stained
using Hoechst (blue). White dotted lines represent the apical side of urothelium. IF. Bars = 50 um. (C)
Localization of ZO-1 (green) with OCLN (red) in renal pelvis 1d after UUO. ZO-1" and OCLN"
staining is observed at the apical portion of renal pelvis urothelium in Col/7al-KO mice, while the
reaction is defect in WT mice (arrows). In Coll7al-KO mice, ZO-1" staining shows irregularly
upregulation pattern (yellow arrowheads), and OCLN" reaction is found in basal urothelial cells as
well (white arrowheads). The nucleus is stained using Hoechst (blue). White dotted lines represent the
apical side of urothelium. IF. Bars = 50 um. (D) Representative images of renal pelvis from Coll7al-
KO and the WT mice at 1d after UUO. Deciduation of urothelial cells is equally observed in the WT
and Coll7al-KO kidneys. Cell infiltration is more frequently observed in Coll7al-KO mice,
compared to the WT renal pelvis. PAS-H. Bars = 50 um. (E) The number of urothelial cells in the
distal renal pelvis. Each bar represents mean + SE (n = 5-6). Mann-Whitney U-test. Cont: collateral
control, RP: renal pelvis, Ur: ureter, WT: wild-type, KO: knockout, PAS-H: Periodic acid Schift-
hematoxylin staining, Pro: proximal renal pelvis urothelium, Dis: distal renal pelvis urothelium, UUO:

unilateral ureteral obstruction, UC: urothelial cell.
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Fig. 3-10. Altered pathology of the renal pelvis urothelium in ColI7a1-KO mice 1d after UUO

(A) Localization of CK14 in the renal pelvis from Coll7a1-KO mice 1d after UUO compared with
the WT mice and collateral control. In the collateral control renal pelvis, the number of CK14*
urothelial cells (arrowheads) is comparable in the proximal part between the WT and Coll7a1-KO
mice, whereas the positive cell number is few in the junction and distal parts of Col/l7al-KO mice
compared to the WT mice. However, in both the WT and Coll7al-KO renal pelvis 1d after UUO,
CK14* cell number is decreasing compared to that of the collateral control. Bars = 100 pm. (B) The
number of CK 14" urothelial cells in the distal renal pelvis. Each bar represents mean + SE (n = 5-6).
* indicates a significant difference compared with collateral control (*P < 0.05). # indicates a
significant difference between the collateral control and UUO1d. IHC. Mann-Whitney U-test. (C)
Localization of COL17A1 (green) with CK14 (red) in the WT renal pelvis 1d after UUO compared
with the collateral control. COL17A1* CK14" urothelial cells (arrowheads) are observed in the
proximal renal pelvis of the collateral control kidney, whereas COL17A1" CK14- urothelial cells
(arrows) are dominant in that 1d after UUQ. IF. Bars = 50 um. (D) Localization of COL17A1 (green)
with CD44 (red) and CK 14 (white) in renal pelvis 1d after UUO. COL17A1" urothelium co-localizing
with CD44 (yellow arrows) partially forms multiple layers and co-expresses with CK14 (yellow
arrowheads) in the WT mice, whereas COL17A1- CD44- CK 14" urothelial cells are observed to be
less (white arrowhead). CD44* mono- or bi-layer of urothelium are observed in Coll7al-KO mice.
The nucleus is stained using Hoechst (blue). White dotted lines represent the apical side of urothelium.
IF. Bars = 100 um. (E) Localization of CD11b (green) with CXCL2 (red) in renal pelvis 1d after UUO.
CD11b* CXCL2" cells (arrowheads) are abundantly observed at the junction between the proximal
and distal renal pelvis urothelium in the WT mice, whereas CD11b" cells are scattered under the renal
pelvis urothelium in Col/l7al-KO mice and few co-express CXCL2. The nucleus is stained using
Hoechst (blue). White dotted lines represent the apical side of urothelium. IF. Bars = 50 um. (F) The
number of CD11b* cells under distal renal pelvis urothelium 1d after UUO. Each bar represents mean
+ SE (n = 5-6). * indicates a significant difference compared with collateral control (*P < 0.05). #
indicates a significant difference between collateral control and UUO1d. Mann-Whitney U-test. Cont:
collateral control, WT: wild-type, KO: knockout, UUO: unilateral ureteral obstruction, RP: renal
pelvis, Pro: proximal renal pelvis urothelium, Dis: distal renal pelvis urothelium, RPa: renal papilla,

UC: urothelial cell.
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(A and B) The level of BUN (panel A) and serum Cr (panel B). Each bar represents mean + SE (n =
5, 6). (C) Localization of CD11b in kidneys. The number of CD11b* cells are comparable between the
WT and Coll7al-KO mice. IHC. Bars = 100 um. (D) The number of CDIIb" cells in
tubulointerstitium. Each bar represents mean + SE (n = 4 -5). (E) Localization of IL-36a in kidneys.
IL-360" injured renal tubules are more abundant in the Col/ 7a1-KO mice compared to those observed
in the WT mice. IHC. Bars = 100 um. (F) The number of IL-36a"* renal tubules in the cortex. Each bar
represents mean = SE (n = 4-5). * indicates a significant difference compared to the WT (*P < 0.05).
Mann-Whitney U-test. (G) Representative images of kidneys from the Coll7al-KO and WT mice at
1d after UUO. Necrosis of renal papilla (asterisk) with urothelial deciduation (arrowheads) is more
frequently observed in the Coll7al-KO mice compared to the WT kidneys. PAS-H. Bars = 100 um.
BUN: blood urea nitrogen, Cr: creatinine, WT: wild-type, KO: knockout, Ti: tubulointerstitium, PAS-
H: Periodic acid Schiff-hematoxylin staining, RPa: renal papilla.
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Fig. 3-12. Schematic illustration of the hypothetic mechanism through which obstructive
uropathy induces urothelium disruption and COL17A1 expression

(A) Normal ureters and renal pelvis consist of urothelial cells, fibroblasts, and smooth muscle cells.
Renal pelvis are divided into the distal renal pelvis connecting the ureter to the smooth muscle layer
and proximal renal pelvis connecting kidneys without smooth muscle layer. Under the urothelium,
there are few CD11b" immune cells. (B) In the ureters on day 1 after UUO, there are some COL17A1*
urothelial cells but no urothelial cell deciduation. In the renal pelvis, urothelial cell deciduation and a
subsequent urine leakage occurred with partial defects in the TJPs at the junction between the distal
and proximal renal pelvis urothelium. urothelial cells from the junction to the distal urothelium express
COL17A1, and CDI11b" cells migrate to connective tissue covered by COLI17A1* proliferating
urothelial cells and beneath UEB disruption, which also express CXCL2. (C) Collagen fibers increase
in renal pelvis from 4d after UUO onwards instead of urothelial cell deciduation and CD11b" cell
migration, even though there are abundant COL17A1" urothelial cells. The ureter presents similar
histopathology to the renal pelvis 1d after UUO. (D) Expression manner of urothelial cell markers at
the basal side of the renal pelvis urothelium. CK14 (blue) is expressed in the normal renal pelvis, and
partially co-expressed with COL17A1 (red). At 1d after UUO, COL17A1 upregulation followed by
CD44 (green) induction occurred, instead of a decrease in CK14. From 4d onward, CK14* COL17A1*
CD44" urothelial cells are increasing and CK14- COL17A1- CD44" urothelial cells appear.
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Conclusion

The clinical cases of kidney disease, in particular CKD, are increasing in dogs, cats, and
human. Pathophysiology of kidney diseases are divided into pre-, intrinsic-, and post-renal
injuries, such as hypertension, ischemia, immune abnormality, and urinary obstruction, according
to their causes. The urinary organs are lined by epithelial cells to maintain the UEB bordering
urine and tissue at healthy status. Importantly, recent studies emphasizes the pathological
contribution of UEB disruption; the injuries of renal epithelial cells and urothelial cells in CKD
are associated with overexpression of the novel pathological molecules, IL-36a and COL17A1,
respectively. Because of the characteristic of the urinary system, the epithelial cell-expressing
molecules can be targets to develop the diagnosis method using urine and the therapeutic strategy.
Hence, the author analyzed the pathological significance of these candidate molecules in the
kidney and urinary tract disorders by using mouse models and clinical specimens.

In Chapter 1, IL-36R and its ligands belonging to IL-1 family were focused on as renal
epithelial cell-injury mediated molecules, and autoimmune disease prone-MRL/lpr mice were
pathologically analyzed as spontaneous nephritis model. IL-36R ligands composed of agonists
(IL-36a, IL-36p, IL-36y) and antagonists (IL-36Ra, IL-38), and those expression manners were
divided into constitutive and induced. Constitutively, IL-36Ra and IL-36y were expressed in
smooth muscle cells and sympathetic axons of kidneys, respectively. However, at the late stage
of nephritis, IL-360 was induced in injured distal tubular epithelial cells and CD44"-activated
parietal epithelial cells. Further, kidneys with nephritis showed IL-36Ra localization in tubular
epithelial cells and parietal epithelial cells, in addition to that of IL-36p and IL-38 in interstitial
plasma cells. Of note, IL-36a and IL-38 expression level was positively correlated with the
nephritis severity. IL-36R gene was ubiquitously expressed in the murine kidneys, and was
induced in the injured epithelium with the disease progression, leading to upregulated IL-36R
downstream candidates, including NF-kB- or MAPK-pathway organizing molecules. Importantly,
IL-36R gene in cat kidneys was expressed in distal tubular and parietal epithelial cells, in
accordance with IL-36R and IL-36a localization in the murine kidneys.

In Chapter 2, to further investigate IL-36R signaling in the nephritis, the author analyzed
MRL/Ipr with IL-36R-KO, compared to WT mice. In both genotypes, immune abnormalities and
renal functions as well as IL-36R expression in kidneys were comparable. However, glomerular
lesions were significantly ameliorated in both sexes of IL-36R-KO mice compared to WT mice,
and tubulointerstitial fibrosis was less in female IL-36R-KO mice than in WT mice. Both
genotypes presented IL-36a" nuclei in renal epithelial cells co-localized with Ac-lysine and GCN5
histone acetyltransferase, suggesting IL-36a signaling in the nuclei via IL-36R independent
pathway. Thus, a balance of IL-36R agonists and antagonists is maintained in the healthy kidneys,

whereas renal inflammation induce an IL-360-dominant imbalance, contributing to the
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progression of renal pathology with UEB disruption in both glomeruli and renal tubules, in IL-
36R dependent and independent pathways.

In Chapter 3, the author focused on COL17A1 as an urothelial cell-injury mediated molecule.
COL17A1 is known as an epidermal hemidesmosome component but ectopically induced in the
ureters of obstructive uropathy-prone mammals as humans and cats, underlining as a potential of
novel pathological molecule. The murine obstructive uropathy model also induced COL17A1 in
urothelial cells of renal pelvis and ureters. Pathological analysis revealed that COL17Al
induction associated with the urothelium integrity as cell adhesion, differentiation, and
proliferation and positively correlated with tubulointerstitial lesion severities. The renal pelvis,
especially where smooth muscle layer from the ureter was interrupted, was sensitive to urothelial
deciduation and COL17A1 induction, indicating the UEB disruption; urine leaked into the renal
pelvis parenchyma at this area. Cultured immune cells stimulated by urine induced CXCL2, which
was also produced by CDI1b" cells following COL17A1 stimulation. Importantly, CXCL2*
CD11b" cells infiltrated the urothelium-disrupted area, whereas it was suppressed in Col/l7a1-KO
mice. Thus, COL17A1 maintains urothelium integrity and activates local immune response during
obstructive uropathy.

The present study by using each model mouse demonstrated that IL-36a-dominant
expression in injured renal epithelial cells are associated with glomerular lesions as well as
tubulointerstitial lesions in spontaneous nephritis, and that COL17A1 expression in urothelial
cells contributes to urothelium regeneration with local inflammation in obstructive uropathy. The
injured epithelial cell-associated molecules in the urinary system induce UEB disruption, while
they are potential for the treatment and urinalysis-dependent diagnosis. Particularly, both
localization of IL-36R gene in renal epithelial cells and COL17A1 in urothelial cells of mice were
coincide with those in cats and/or humans. These findings suggest that molecular pathology in
renal epithelium and urothelium dependent on IL-36R ligands and COL17A1is common among
several animals, leading to the development of veterinary medicine concurrently with human
medicine. Therefore, this study provides novel candidates for the targets of zoobiquity, an
approach to devise a strategy for common diseases among all animals including humans, in

urinary system disorders.
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Conclusion in Japanese

B OWRESBEE 28 LREEMEES T OB

AbHEIE R R AR B ER EE e
AOERER TR R R

I E R

EPEE NN (CKD) (Xt FOFEEARWIRERETHY | A XLR2UTBNT HZ DG
DHINIL TV D, BEIROPFRBIZE OER A B BRI, Bk, BHRMEICKS Sh, @il ECE M,
TR B RGBS NREEZ E L B D IRIEICE 2 R TIE, & B IRIRgs S 42 Nk
% FRBSIREZOREMBEEZE L, JR— ERNY T (UEB) 2EKT 5, 2 E TOMRIZEWN
T, WIRZBRDISHETRMEF D —> L LT, UEB DAAEE L ZHITATRET % bR R Ay T D %
BEERHEIN TS, ZTOFTH, IL-36a BL 178 =2 F—4 2 Al (COL17AL) DOFBL
X, TNZENREE S8 BRI ZOURES ERGHIE CHIINT 2, ZHHIMREHIHRILT S k
B RE B 11 TR IR P OIRRER N~ — 7 — Ol & L THETH S, & 2 CARIFA
TIX REET NV~ U R EERBEZ VT W12 L2 BlEE JOYRE OB AE I
DUVNVTRFA L, WRARE BRI 2B ER S L OERORBRICEMRT 2 Z L 2B E LT,

H-m T, B A ERLE Sy T & LT IL-36 AR (IL-36R) BLOZD Y v R
(IL-36 ff) 1C%H L7, IL-36 BEIZ IL-1 77 XU —Z® L., 3 2OEES 1 (IL-36 o, IL-36,
IL-36y) & 2 oOfEHi5r 1 (IL-36Ra, IL-38) 72Dk D, HOREMERKET L~ 7 A MRL/Mpl-
Fasr (MRL/lpr) % FAWNTZfEHTIC K - T, IL-36 BEIZZ OBNEN R ERE X6, [EET L HE
ANZKR & 472, IL-36Ra 13 Fi8 /0. IL-36 v ITAEMRRICIH W THEHFE B L TWie—F | &
ROWEITIZHEV, IL-36 o DFEBUIIEE SRS EEGHIIaR> CDA4TE AR o SR BRI
SMEED bR EE Sz, S HICER~ T AT, IL-36Ra I3 ERMIIE T, TIL-36 8 & IL-
3 ITE MM THEL LTz, Ao FREZHW T, FFIT IL-36 a 36 KUY IL-38 DB PN FE BLE R AH )
BRAa7 LIEICHB LTz, E£72. IL-36R BN CEEMEICRET 52—, BRETITHEN
FEE SN R CREGEE I, £D TiRiZH 7225 NF-k B X° MAPK #Ri# B# 7y F-#E D
NN B ST R BN L7z, AT ¢ 2 Bk 2 W72 #2368V T, IL-36R 0 mRNA 73
BN FRAE O SRERAR T AMEE O RIS S v, ZAUT~ U R IL-36 a B8 LTV IL-36R D JRTE
E—E LT a7z, IL-36R ¥ 7 /L&A LT BN eI A | X S JEm 2 mTREME S R
e Xz,

B FTIE, IL-36R 7T L& LI BIRRBTE R O S & 72 2T D728, IL-36R & X
A L7 MRL/lpr ¥ 7 A (IL-36R-KO) & HW\T, ZDOBREM A B AT < 7 2 & g U7z, i
FHZRBWT, A Ofk B OB BRERE, IL-36 BEOBNEBLEIIFRS 7 o2, —JF ., BIRELfF
HricH T, HERE TL-36R-KO 0% BRI HE D FAE I 45 JL OME o RABAE TV O bl L, B 2R 7
EHARREETE 57, F72IL-36R OFHEIZEI D 597 IL-36 o (3B LG OMINE & BZIZRIE L,
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EO—EIET BT LY PRt A T TFUALEEFE GONS LI RfEE R LT, 2HIC LY |
IL-36R Z I S 22 WEN IL-36 o ¥ 27 T /VDAFAEDS IR STz, BL B BIRICH B 5 1L-36 #HIX,
Z ONRERE R CTHRE T DIEF B & | FEEZ 2T 2B LEGHa-CRIEH R R B3 2 35
ANZKBI S, £ DRLED S RIF ITBERE ORI, RFIREMHREBOBRICHEHET 5 L%
2B, FRC, BRICI T D IL-36 o DIBFIFEIIL, IL-36R KNI K OFRIERY 0k 18 &
LT, SRERIAR LOURMAE 81T 5 UEB iEICH 555 LB 1 b,

B ETIR, JRIE BRI ERE Sy 7 & LT COL17A1 (235 H L7z, COL17Al [Z&K KD
NI T RAEY — LR & LT ERE A O . — . AT TIX. COL17AL 73 PAZEME:
PREEFEBE R LT PR aDREIREE LRI CRATEICRIT 2 Z &2 R/ Uiz, PHZEM

BHREBET N~ U AICBWTH, Bkl JORE ORE LA T COL17A1 FEBL 2 S 4L
7o BT, JREE LECHIEREE Sy 1E & OILRTEMHTIC LV . COL17AT ILIREE E B o> #Elfa
PeE, o ALOBIC B 595 Z E A BN E 720 | COL1TAL FEHLO E B Al LIRS & o
R & EICAHB Lo, RET N~ U ZAOBBAMM TR AE Lz & 2 A, FrICRE D bk
2B E P E AT DLW TR EAGII O Bidk & COL1TA1 DR BIFHE N BHE T2 - 72,
E 5T, UEB fABEIC L > TZO FEOBBIFFHEITRMZE Lz, o, SR SER%IRT
TS5 &, rEDA UBE FRIC Cxel2 BT OB L, COL17A1 THIIK L 7= CDI1b
FlcB W THZ 0BT EF Lz, £7-. UEB AREEERNL Tid CXCL2'CDIIb i ABIZ S iz
—J7. Coll7al-KO ~ U A TIXZ ORENEET o 7=, LL b, JREEPAZERFREIZI VT, COL17AL
ITIR I b R O B A O IRBEINE B 52—, RIEMIO RFTFHEIC b HET 5 5%
LTz,

fham e LT, BWIREIRBET N~ U REFWIMITIC L0 | RFFRIT 1) B ROMETICE
WBEE S ERGIIIE CIE, IL-36 o AL 7R AL 3 R BRI d6 K OVRANAE TRV BN S O FE RIS
RG22 L, 2) FAZEMREEBIZBV T, COLITAL 23 REE LR CRAMEICRI L, R
FEROHEEL RFTORIEICEEGT 22 2R Lz, ORI 5 bRk pEE sy 1
I% UEB A28 < — 07, Bl RIAEENB LR B~ — 7 —I1272 055, I, & b ag
TEBOEYFEICIGRT DR BICE B L, EWERETTICZE OB IR RIE - k2 B4
TLHFEMIT NEHT EHInd, v VA, x3, & MIBIFS IL-36R & COL17A1 D4
PRERNFEHRBIRE ICITIEIE N B SN D720, 25 OR R EZ LB EIREAN D ERT L L
(X, BRER S S 12T e NERASOIAICHT TEEEY, LB RFRIZE 2 5 NTE R OW
PREIE I 2 20 L ONAIRIRIE O RICIANT T, Hriz e R A Rat Lz,

A
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